REMARKS 

In the Official Action dated July 14, 2004, claims 47-55 are pending. Claims 49 and 50 
are withdrawn from further consideration as drawn to non-elected subject matter. Claims 47, 48 
and 51-55, drawn to plant delta-6 desaturases, are under examination. Claims 54 and 55 are 
objected to under 37 C.F.R. § 1 .75(c) because of improper multiple dependencies. Claims 47, 48 
and 51 are rejected under 35 U.S.C. § 1 12, second paragraph, as allegedly indefinite. Claims 47- 
48 and 51-55 are rejected under 35 U.S.C. § 1 12, first paragraph, for allegedly failing to satisfy 
the written description requirement. Claims 47, 48, and 51-55 are further rejected under 35 
U.S.C. § 1 12, first paragraph, for allegedly lacking enabling support in the specification. 
Additionally, the Examiner has indicated that the application filed xmder former 37 CFR § 1.60 
lacks the necessary reference to the parent application. 

This Response addresses each of the Examiner's rejections and objections. Applicant 
therefore respectfully submits that the present application is in condition for allowance. 
Favorable consideration of all pending claims is therefore respectfiiUy requested. 

The Examiner has indicated that the instant application lacks the necessary reference to 
the parent application. The Examiner has required Applicant to include in the specification a 
cross-reference to the parent appUcation. The Examiner has also required Applicant to include in 
the cross-reference section the current status of all referenced non- provisional parent 
applications. 

Applicant respectfiiUy submits that the Preliminary Amendment, filed on December 21, 

2001, added a reference to the parent application, U.S. Serial No. 08/934,254 filed on September 

19, 1997. Additionally, the Preliminary Amendment included references to all non-provisional 
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parent applications and the status thereof. AppUcant has now amended the specification by 
adding the patent number issued from the parent appUcation. Therefore, Applicant respectfully 
submits that the objection to the specification is overcome. Withdrawal of the objection is 
respectfully requested. 

The Examiner has objected to claims 54 and 55 under 37 C.F.R. § 1.75(c) allegedly 
because of improper multiple dependencies. Claims 54 and 55 both depend on claims 47 and 5 1 . 

Applicant has amended claims 54 and 55 to only depend on claim 47. Furthermore, 
AppUcant has added new claims 56 and 57 that only depend on claim 51 . No new matter has 
been added. In view of the foregoing, withdrawal of the objection is therefore respectfully 
requested. 

The Examiner has rejected claims 47, 48 and 51 xmder 35 U.S.C. § 1 12, second 
paragraph, as allegedly indefinite. Specifically, the Examiner alleges that claim 47 is indefinite 
because the recitation "delata". The Examiner suggests amending claim 47 to read "delta". 
Further, the Examiner states that claim 48 is indefinite because the recitation, 'Vherein said 
isolated nucleic acid is a plant delta-6 desaturase," implies that the DNA is a protein. The 
Examiner suggests amending claim 48 to read that the nucleic acid encodes the delta-6 
desaturase. Moreover, the Examiner alleges that claim 51 is indefinite because of the recitation 
"an isolated nucleic acid'. The Examiner states that claim 51 should recite *the isolate nucleic 
acid". 

Applicant has amended claims 47, 48 and 51, as suggested by the Examiner. Therefore, 
Applicant respectfully requests that the Examiner withdraw the rejection of claims 47, 48 and 51 
xmder § 1 12, second paragraph. 
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The Examiner has rejected claims 47-48 and 51-55 under 35 U.S.C. § 1 12, first 
paragraph, for allegedly failing to satisfy the written description requirement. Specifically, the 
Examiner contends that the specification does not describe the subject matter in a manner that 
conveys to those skilled in the art that Applicant had possession of the claimed invention at the 
time the application was filed. The Examiner alleges that the specification does not describe any 
structural feature of the claimed nucleic acid in order to define a genus. The Examiner also 
alleges that it is not clear in the specification what nucleic acid sequence or combination of 
nucleic acid sequences is reqxiired to encode a delta-6 desaturase. 

Applicant respectfully submits that the specification describes not only the Borage and 
Evening Primrose delta-6 desaturase DNAs, but also a gain of function assay for characterizing 
the enzymatic activity of a plant delta-6 desaturase DNA (the conversion of linolenic acid (LA) 
to gamma linolenic acid (GLA)). See, for example, page 7, lines 23-28, page 10, lines 25-29, 
and page 1 1 , lines 1-4, 25-28 of the specification. Furthermore, contrary to the Examiner's 
allegation, the specification teaches characteristics of a delta-6 desaturase encoded by the 
claimed nucleic acid. For example, the specification teaches structural motifs in the Borage 
delta-6 desaturase, namely, the Lipid Box, the Metal Box 1, and the Metal Box 2. See page 39, 
lines 12, 13, and Table 3 of the specification. The specification further describes, the three 
identical motifs, renamed as "histidine rich" motifs, in the Evening Primrose delta-6 desaturase. 
See , page 48, lines 26-28, page 49, lines 2-12. The specification also teaches, at page 48, lines 
26, 27, that the three *1iistidine rich" motifs are common structural features present in all plant 
delta-6 desaturases. In addition, the specification discloses, in page 1 1, lines 27, 28 and page 12, 
lines 1-11, that isolated DNA sequences encoding plant delta-6 desaturases could be 
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characterized by molecular hybridization to the Borage or Evening Primrose delta-6 desaturase 
DNA. 

Applicant respectfully submits that the gain of function assay, the three motifs of the 
Borage delta-6 desaturase DNA, and the hybridization methods, were all disclosed by Applicant 
at least as early as December 30, 1994 in U.S. Application Serial No. 08/366,779. 

In Enzo Biochem v. Gen-probe, Inc., 323 F.3d 956, at 964 (Fed. Cir. 2002), the Court 

addressed the factors in determining whether the written description is met. 

"It is not correct, however, that all fiinctional descriptions of genetic material fail to meet 
the written description requirement. . . the written description requirement can be met by 
'show[ing] that an invention is complete by disclosure of sufficiently detailed, relevant 
identifying characteristics . . . i.e,, complete or partial structure, other physical and/or 
chemical properties, functional characteristics when coupled with a known or disclosed 
correlation between function and structure, or some combination of such 
characteristics.'" 

See Enzo Biochem at 964 (emphasis in original). 

The court in Enzo Biochem also stated that the written description requirement is met if 
one skilled in the art finds the generically claimed sequences, described on the basis of the 
disclosure of the hybridization function and an accessible structure, consistent with the United 
States Patent and Trademark Office (USPTO) Guidelines. According to the USPTO Guidelines, 
claims by functional language are permissible when the claimed material hybridizes to a 
disclosed substrate. See Enzo Biochem at 968. 

To delineate a preferred embodiment of the present invention. Applicant has further 
added claims 58-59, drawn to a plant delta-6 desaturase nucleotide sequence that hybridizes to 
the complement of the Borage delta-6 desaturase DNA or to DNAs encoding polypeptide 
fragments which correspond to portions of the Borage delta-6 desaturase amino acid sequence. 
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Support for the subject matter of claims 58 -59 is found in the specification in page 11, lines 25 - 
28, page 12, lines 1-7, Example 8 at page 37, lines 1 1-22 and Figure 5B. 

In view of the foregoing. Applicant respectfiiUy submits that the specification discloses 
sufficient detailed and relevant identifying features of the claimed molecules, e.g., the gain of 
fimction assay, the three "histidine rich" motifs, and the hybridization features, such that those 
skilled in the art would understand that Applicant had possession of a DNA encoding a plant 
delta-6 desaturase at the time the application was filed. Thus, AppUcant respectfiiUy submits that 
the present application complies with the written description requirement imder 35 U.S.C. § 1 12, 
first paragraph. Applicant respectfully requests that the Examiner withdraw the rejection of 
claims 47-48 and 51-55 based on the written description requirement. 

The Examiner has also rejected claims 47, 48 and 51-55 under 35 U.S.C. § 1 12, first 
paragraph, allegedly because the specification does not provide enablement for delta-6 
desaturases from all plant species. 

Specifically, the Examiner contends that the specification has only disclosed nucleic 
acids encoding deha-6 desaturases from two plant species. Evening Primrose and Borage. The 
Examiner fiirther alleges that the specification does not teach what sequences these nucleic acids 
have in common that identify them as delta-6 desaturase genes, or how to identify other nucleic 
acids that encode delta-6 desaturases. 

Applicant respectfully submits that the specification discloses specific structural 
characteristics of plant delta-6 desaturases, e.g., the "histidine rich" motifs. The specification 
also discloses, inter alia, a gain of function assay and hybridization conditions for identifying 
homologous sequences. Therefore, the specification provides sufficient guidance for those 
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skilled in the art to identify nucleic acids encoding plant delta-6 desaturases and to use such 
nucleic acids for modifying lipid metabolism in a plant. 

The Examiner refers to WO 99/271 1 , citing that delta-6 desaturation "is an unusual 
modification in higher plants occurring only in a small number of species such as borage, 
evening primrose and redcurrant". In addition, the Examiner indicates that sequence homology 
is not sufficient to predict function of encoded sequences. In support of his position, the 
Examiner has cited Doerks et al., TIG, 14 6:248-250 (June 1998), Smith et al., Nature 
Biotechnology, 15:1222-1223 (November 1997), Brenner et al., TIG, 15 4:132-133 (April 1999), 
and Borks et al. TIG, 12 10:425-427 (October 1996), Van de Loo et al., Proc, Natl Acad. ScL 
92:6743-6747 (July 1995) and Broun et al.. Science, 282:1315-1317. 

Applicant respectfully submits that in addition to specific plant nucleic acid sequences, 
the specification also describes three conmion structural motifs designated as "Lipid Box, Metal 
Box 1 and Metal Box 2" or "histidine rich" motifs. See page 48, lines 26-28, page 49, lines 2-3, 
Figure 5B and Figure 10. Moreover, the specification teaches that delta-6 desaturases can be 
characterized by a gain of function assay. See page 14, lines 3-5. Furthermore, the specification 
discloses the isolation of DNA encoding the Primrose delta-6 desaturase using primers derived 
fi*om the DNA sequence encoding the Borage delta-6 desaturase. See page 13, lines 1-6 and in 
Example 15. Thxis, the instant disclosure has overcome the pitfalls of a general sequence 
analysis employed in the cited references, which is based solely in sequence homology. Based 
on the distinguishing features of a plant delta-6 desaturase disclosed in the specification, those 
skilled in the art would be able to determine whether an isolated nucleic acid sequence encodes a 
plant delta-6 desaturase, without undue experimentation. 
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As evidence that identification of additional plant delta-6 desaturases genes would not be 
undue, Applicant respectfully submits the following publications: Sperling et al., Euk J, 
Biochem,, 267:3801-3811 (2000), Girke et al., The Plant Journal 15:39-48 (1998) and Garcia- 
Maroto, Lipids, 37:417-426 (2002). 

In Sperling et al., the delta-6 desaturase from the plant, Ceratodon purpureus, was 
identified and characterized using primers derived from the sequence fragments encoding 
"histidine rich" domains and a yeast gain of function assay. 

In Girke et al., the delta-6 desaturase cDNA of Physcomitrella patens was identified 
using primers derived from sequences containing similar "histidine rich" motifs, and a fimction 
assay that included the profiling of fatty acids by gas liquid chromatography. 

In Garcia-Maroto, the genes encoding the delta-6 desaturase of two plants, Echium 
gentianoides and Echium pitardii, were identified and characterized using primers derived from 
sequences containing similar "histidine rich" motifs. 

The Examiner also cites De Luca, AgBiotech News and Information, 5: 225N-229N 
(1993), alleging that transforming plants with genes encoding enzymes is highly unpredictable 
and that in many occasions the goals are impossible to achieve. 

Applicant respectfully submits that De Luca refers to unsuccessful transformations of 

plants with genes encoding proteins other plant delta-6 desaturases. Applicant draws the 

Examiner's attention to the teaching in De Luca that shows that the alteration of lipid metabolic 

pathways using enzymes involved in fatty-acid biosynthesis, is an efficient type of alteration that 

is devoid of unpredictability. See De Luca at page 228N, first column, second, third and fourth 

paragraphs. Further, Applicant submits that the instant specification, in Examples 10-13 and 

Example 16, demonstrates successful transformation of tobacco and carrot with the Borage and 
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Primrose delta-6 desaturase genes. Based on the plant transfection methods and techniques 
provided in the specification, those skilled in the art would be able to modify the lipid 
composition of a plant with a delta-6 desaturase gene without undue experimentation. In this 
connection, it is observed that in Garcia-Maroto (supra), similar to what is described in the 
specification, tobacco was transformed with the isolated delta-6 desaturase genes and the 
resulting fatty acid profiles were analyzed using gas liquid chromatography. 

Li view of the foregoing, Applicant respectfully submits those skilled in the art would be 
able to isolate a plant delta-6 desaturase gene, as presently claimed, without undue 
experimentation. Withdrawal of the rejection of claims 47, 48 and 51-55 based on the 
enablement requirement, is therefore respectfully requested. 

In view of foregoing amendments and remarks, it is firmly believed that the subject 
application is in condition for allowance, which action is earnestly solicited. 



Scully, Scott, Murphy & Presser 
400 Garden City Plaza, Ste 300 
Garden City, New York 11530 
(516) 742-4343 
XZ/JM: ab 

Ends.: Sperling et al., Girke et al., and Garcia-Maroto 



Respectfully submitted, 




Frank S. DiGiglio 
Registration No. 3 1 ,346 
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A bifunctional A^-fatty acyl acetylenase/desaturase from the moss 

Ceratodon purpureas 

A new member of the cytochrome bs superfamily 

Petra Sperling\ Michael Lee^ *, Thomas Girke^ t Ulrich Zahringer^ Sten Stymne^ and Ernst Heinz^ 

^Institut fur Allgemeine Botanik, Universitdt Hamburg, Germany; ^Department of Plant Breeding Research, 

Swedish University of Agricultural Science, Sval6% Sweden; ^Laborgruppe Immunchemie, Forschungszentrum Borstel Germany 

Many plant genes have been cloned that encode regioselective desaturases catalyzing the formation of 
ci5-unsaturated fatty acids. However, very few genes have been cloned that encode enzymes catalyzing the 
formation of the functional groups found in unusual fatty acids (e.g. hydroxy, epoxy or acetylenic fatty acids). 
Here, we describe the characterization of an acetylenase from the moss Ceratodon purpureas with a 
regioselectivity differing from the previously described A'^-acetylenase. The gene encoding this protein, together 
with a A^-desaturase, was cloned by a PCR-based approach with primers derived from conserved regions in A^-, 
A^-fatty-acid desaturases and A^-sphingolipid desaturases. The proteins that are encoded by the two cloned 
cDNAs are likely to consist of a N-terminal extension of unknown function, a cytochrome ^5-domain, and a 
C-terminal domain that is similar to acyl lipid desaturases with characteristic histidine boxes. The proteins were 
highly homologous in sequence to the A^-desaturase from the moss Physcomitrella patens. When these two 
cDNAs were expressed in Saccharomyces cerevisiae, both transgenic yeast cultures desaturated A^-unsaturated 
C16- and CI 8-fatty acids by inserting an additional A^-c/^-double bond. One of these transgenic yeast clones was 
also able to introduce a A^-triple bond into 7-linolenic and stearidonic acid. This resulted in the formation of 
9,12,15-(Z,Z,Z)-octadecatrien-6-ynoic acid, the main fatty acid found in C. pupureus. These results demonstrate 
that the A^-acetylenase from C pupureus is a bifunctional enzyme, which can introduce a A^-cw-double bond 
into 9,12,(15)-C18-polyenoic acids as well as converting a A^-cw-double bond to a A*-triple bond. 

Keywords: Ceratodon purpureus; cytochrome 2?5-fusion protein; A^-fatty acid acetylenase; A^-fatty acid 
desaturase; Saccharomyces cerevisiae. 



In addition to the common fatty acids, plants produce a variety 
of unusual fatty acids such as hydroxy, epoxy or acetylenic fatty 
acids [1]. Unsaturated fatty acids are formed by desaturases, 
which catalyze the introduction of double bonds into preformed 
acyl chains by removal of a pair of hydrogens, concomitant 
oxidation of an electron donor and reduction of O2 [2,3]. The 
cloning and sequencing of desaturases from different organisms 
identified two distinct groups, soluble acyl-ACP desaturases 
and membrane-bound desaturases, which differ in their consen- 
sus motifs [2], The membrane-bound desaturases contain three 
characteristic histidine motifs, which are believed to coordinate 
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a di-iron cluster in the active site. The comparison of amino- 
acid sequences has revealed, that these desaturases may be 
grouped according to differing regioselectivity, which presently 
spans from C5-C15 [3]. Genes that encode enzymes closely 
related to the microsomal A ^^-desaturases, have been cloned 
and found to catalyse exotic modifications at or around the A12 
position of the acyl chain, reactions such as hydroxylation, 
epoxidation and acetylenation. A A*^-hydroxylase gene, that 
encodes an enzyme responsible for the production of 
12-hydroxy-9-(Z)-octadecenoic acid (ricinoleic acid) from 
oleic acid, was identified by mass sequencing of cDNAs from 
Ricinus communis [4]. On the basis of homology, the gene 
encoding the Lesquerella fendleri oleate A ^^-hydroxylase was 
subsequently isolated. Unlike the enzyme from R. communis, 
the L. fendleri had both hydroxylase and desaturase activities 
[5]. Site directed mutagenesis of the Lesquerella oleate 
A ^ ^-desaturase has shown that as few as four amino-acid 
substitutions can convert a strict desaturase to a bifunctional 
hydroxylase [6]. In Crepis rubra and Crepis alpina linoleic 
acid and possibly oleic acid are substrates for the synthesis of 
9-(Z)-octadecen-12-ynoic acid (crepenynic acid) [7,8]. In the 
moss Ceratodon pupureus 9,12-(Z,Z)-octadecadien-6-ynoic and 
9,12,15-(Z,Z,Z)-octadecatrien-6-ynoic acid are formed by the 
generation of an acetylenic bond at the pre-existing A^-cw- 
double bond of a Cig-fatty acid [9]. Recently, a A '^-acetylenase 
from Crepis alpina and a A^^-epoxidase from Crepis palaestina 
were cloned and functionally expressed in yeast and Arabi- 
dopsis thaliana [8]. Both of these enzymes were similar in 
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biochemical properties and sequence to the microsomal 
A*^-desaturases. Therefore, at least four reactions (desaturation, 
hydroxylation, epoxidation and acetylenation) have been shown 
to be catalyzed by closely related desaturase-like enzymes [8]. 
More recently, it has been shown that even the conversion of 
linoleic acid (9Z,12Z-18:2) to conjugated octadecatrienoic acids 
such as a-eleostearic acid (9Z,11£,13E-18:3) and calendic acid 
(8£,10E, 122- 18:3) is catalyzed by A* ^-desaturase-like enzymes 
[10,11]., Regioselectivity appears to place greater constraints 
on the sequence of fatty-acid desaturase and desaturase-related 
enzymes than actual reaction outcome (i,e, formation of cw- or 
rrans-double bonds, triple bonds, epoxy or hydroxy groups) [3]. 
A comparison of sequences firom cloned desaturases has 
revealed, that A^-, A^- and A^-desaturases all fall into the 
same regioselectivity group [3,12]. We speculated, that an 
enzyme that could catalyze acetylenation at C6 is likely to be 
related to the A^-desaturases, of which most are cytochrome b^- 
fusion proteins [13]. This predicted similarity was used to clone 
an acetylenase with a regioselectivity different from the A*^ 
position. Here we report the PCR-based isolation of a bifunc- 
tional A^-acetylenase/desaturase and a A^-fatty-acid desaturase 
from the moss C. pupureus. Their expression in Sacchawmyces 
cerevisiae and feeding experiments with different fatty-acid 
substrates, has led to their functional identification. 

MATERIALS AND METHODS 

Single-stranded cDNA and cDNA library 

Poly(A)'*" RNA was isolated from about 400 mg of C purpureas 
protonemata (a gift of P. Beutelmann, Institut fiir Allgemeine 
Botanik, Universitat Mainz, Germany) with a Quickprep Micro 
(Amersham Pharmacia Biotech Inc.) according to the manu- 
facturer's instructions. The mRNA was precipitiated and used to 
synthesize first-strand cDNA with oligo dT(i2-i8) and MMLV 
reverse transcriptase (Gibco BRL). This cDNA was used 
directly for PGR. The moss \-ZAP cDNA library was a 
generous gift from F. Thummler (Botanisches Institut, Uni- 
versitat Miinchen, Germany) and was prepared as follows: total 
RNA was extracted from light-grown and 7-day dark adapted 
C. pupureus wt3 protonemata and from a 1:1 mixture of this 
RNA poly(A)"^ RNA was prepared. cDNA, prepared from this 
poly (A) RNA, was used to construct a directional cDNA 
library with EcoRUXhol-cut uni-ZAP XR vector arms (Strata- 
gene) [14]. 

PCR amplification with degenerated primers 

For a PGR-based cloning, single-stranded cDNA was used as a 
template. One PCR fragment of 557 bp (Cer3) was amplified 
with the degenerated forward primer A 5'-TGGTGGAA(A/G) 
TGGA(A/G)ICA(C/T)AA-3' and the reverse primer C S'- 
ATC A/ T/G/C)T(T/G)( A/ T/G/C)GG(A/G) A A( A/ T/G/C) A( A/G) 
(A/G)TG(A/G)TG-3'. These primers were derived from the 
amino-acid sequence WWKW(N/T/K)H(N/K),and (I/M)(H/Q/N) 
PF(L/F)HHj respectively. A second 560 bp fragment (Cerl) was 
amplified with another forward primer B 5'-(T/G)GlTGGA- 
A(A/G)(T/G)(G/A)I(A/C)AICA(C/T)AA-3' derived from the 
amino-acid sequence (GAV)WK(EmAV)(N/Q/K)H(N/K) and 
the reverse primer C, mentioned above. The PCR amplification 
was carried out using the following program: 10 min denatu- 
ration at 94 brake for *hot start' with Taq DNA polymerase 
at 72 °C, followed by 32 cycles of 20 s at 94 °C, 1 min at 45 T, 
1 min at 72 **C and terminated by 10 min extension at 72 **C. The 
PCR fragments of the expected length (500-600 bp) were ligated 



into pGEM-T (Promega) and transformed into Escherichia 
coli Xllblue MRF' Kan (Stratagene). Plasmid-DNA mini- 
preparations [15] pi and p3 were sequenced by the dideoxy 
chain termination method using the ABI Prism Big Dye 
Terminator Cycle Sequencing Ready Reaction Kit (Perkin- 
Elmer, Weiterstadt). 

cDNA library screening for full length clones 

The inserts from the plasmids pi and p3 were excised with 
Nco\ and Pst\ and gel purified. These were radiolabelled by 
random priming with [a-^^P]dCTP and used together to screen 
the \ ZAP cDNA library from C. pupureus wt3 protonemata by 
hybridization. Filters were hybridized at 55 X and washed at 
55 T with 1 X NaCl/Cit and 0.1% SDS. Individual plaques, 
with sequences that corresponded to either pi or p3, were 
further identified, and distinguished from each other, by PCR 
analysis with the primer pairs 5'-CGAATGAGTGCGAC- 
GAAC-3' and 5'-AATAACCTGGGCTCTCAC-3' (for the 
pi sequence), and 5'-ATGAGGATATTGATACTCTC-3' and 
5'-GCAATCTGGGCATTCACG-3' (for the p3 sequence). To 
identify full length cDNA clones individual plaques were 
analyzed by PCR with the T7 and T3 primer to identify clones 
containing the longest inserts. Two X clones, one representing 
the Ip sequence and the other the 3p sequence, were inves- 
tigated further. These had inserts of ~ 2.2 kb in size. The 
corresponding bacteriophages were isolated by precipitation 
with poly (ethylene glycol) and from these DNA was isolated. 
The inserts were excised with Eco^ and Kpnl and cloned into 
the EcoRI and Kpnl sites of pUC19, resulting in plasmids 
pCerl and pCer3 and sequenced on both strands, which 
corresponded to the sequences Ip and 3p, respectively. 

Expression in 5L cerevisiae 

The ORFs of pCerl and pCer3 were cloned behind the 
galactose-inducible promotor GAL J of the yeast expression 
vector pYES2 (Invitrogen). In order to achieve this, a new 
5' Kpnl (upstream of the deduced translation start) and a 
3' EcoRl site (downstream the stop codon) were introduced 
into the inserts of pCerl and pCer3 by PCR. These modified 
inserts were digested with Kpnl and EcoRl and ligated into the 
corresponding restriction sites of pYES2 to yield pYCerl and 
pYCer3. Their sequences were verified by DNA sequencing, as 
described above. These plasmids and the empty vector pYES2 
were transformed into 5, cerevisiae strain INVScl (Invitrogen) 
using the polyethylenglycol method [16]. 

Transformed cells were grown in complete minimal- 
dropout-uracil medium (CMdum) supplemented with 2% 
raffinose as the only carbon source [17] and 1% Tergitol 
NP-40 [(w/v); Sigma] for the solubilization of fatty acids 
(Sigma) [18]. For expression experiments, test cultures in 
CMdum medium supplemented with 0.003% of the correspond- 
ing fatty acid [(w/v); stock solution solubilized in 5% Tergitol] 
were aerobically grown to logarithmic phase, then induced with 
1.8% galactose [(w/v); final concentration] and finally grown to 
saturation for 24 h at 30 

Gas-liquid chromatography mass spectrometry (GC-MS) 
analysis of fatty acids 

C pupureus and Dicranum scoparium cultures (generous gifts 
from E. Hartmann, Institut fiir Biologic, Freie Universitat 
Berlin, Germany and from P. Beutelmann, Institut fiir 
Allgemeine Botanik, Universitat Mainz, Germany) as well as 
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cell pellets ICQ mg) from wild-type (pYES2) and transgenic 
yeast (pYCerl and pYCer3) were subjected to acid methano- 
lysis and fatty-acid methyl esters (FAME) were obtained, as 
described before [19]. FAME were analyzed by gas-liquid 
chromatography on a polar capillary column (Chrompack, 
WCOT Fused Silica, CP-Wax-52 CB, 25 m, 0.32 mm) with 
the following temperature program: 1 min at 170 °C, linear 
temperature gradient (5 °C'min~^) up to 240 °C and 5 min at 
240 °C. FAME identities were confirmed by comparison with 
appropriate reference substances (Sigma). 

For the determination of double or triple bond positions, 
FAME (about 200 pig) were converted into their 4,4-dimethyl- 
oxazoline (DMOX) derivatives as described [20]. GC-MS of 
the FAME and DMOX derivatives of the fatty acids was carried 
out with a Hewlett-Packard Model 5989 equipped with a 
nonpolar capillary column (HP-MS) using a temperature 
gradient from 150 °C to 320 °C with a temperature rise of 
5 °C-min~*. El-mass spectra were recorded at 70 eV and 
Cl-mass spectra were obtained at 105 eV with ammonia as 
reactant gas. The ion-source temperature in both cases was 
250 °C. The El-mass spectra of the DMOX derivatives are 
shown in Fig. 3, whereas the spectrum of the 18:3A methylester 
is listed here with m/z-values and relative intensities in 
brackets: M'^(-), 257 (2), 173 (17), 159 (7), 145 (24), 131 
(40), 1 19 (20), 1 17 (62), 105 (46), 91 (100), 79 (72), 67 (60), 55 
(45). 

NMR spectroscopy 

For the preparation and isolation of pure FAME in mg 
quantities suitable for NMR analysis C. pupureus and 
D. scoparium cultures (500 mg and 300 mg fresh weight, 
respectively) were subjected to acid methanolysis as described 
[19]. Both mixtures containing significant amounts of 18:3A 
of FAME (as detected by GC) were further separated by 
preparative TLC using silicagel 60 plates (20 x 20 cm, 
thickness 0.25 mm, Merck) in petroleum ether/dietyl ether 
(9:1, v/v). FAME and acetylenic acid methyl esters (Rf values 
0.3 and 0.18, respectively) were detected by UV light after 
spraying the plates with 0.2% (w/v) methanolic 8-aniIino- 
naphthalene-1 -sulfonic acid. From these plates acetylenic acid 
methyl esters were eluted with petroleum ether resulting in 
1.4 mg of 18:3 A methylester (purity 98% as detected by GC) 
from C. pupureus and 1.2 mg 18:3 A methylester (98%) from 
D. scoparium. 

Both ID ^H- and 2D homonuclear and H-detected hetero- 
nuclear ^H,*^C-correlation spectra [heteronuclear multiple 
quantum coherence (HMQC), and heteronuclear multiple 
bond correlation (HMBC)] were recorded on a 600-MHz 
spectrometer (Bruker Avance DRX-600). '^C-NMR and 
distortionless enhancement by polarization transfer (DEPT) 
spectra were run at 90.6 MHz (Bruker DPX-360). The methyl 
ester of 18:3 A (isolated from C. pupureus and D. scoparium, as 
mentioned above) was dissolved in 500 iitL CDCI3 (99.96%, 
Cambridge Isotope Laboratories, Andover, MA, USA) and 
NMR spectra were recorded at 300 K with internal TMS 
(8h = 0.000) or CDCI3 (8c = 77.0) as reference. ID (^H-, 
*^C, and DEPT) and 2D homonuclear (*H,*H COSY) 
and H-detected heteronuclear (^H,*^C HMQC, *H,*^C HMBC) 
experiments were performed using standard Bruker software 
(xwiNNMR, version 2.6) and resulted in the following assign- 
ment for 9,12,15-(Z,Z,Z)-octadecatrien-6-ynoic acid (18:3A) 
methylester: ^H-NMR (600 MHz, CDCI3): 5 0.977 (3H, t, 
J = 7.5 Hz, H-18), 1.517 (2H, wi, H-4), 1.724 (2H, UJ = 1.2, 
IG.O Hz, H-3), 2.077 (2H, m. H-17). 2.175 (2H, //, J = 3.3 Hz, 
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H-5), 2.328 (2H, r, 7 = 7.5 Hz, H-2), 2.815 (4H, m, H-11 and 
H-14), 2.932 (2H, m, H-8), 3.669 (3H, s. Me at C-1), 5.27-5,48 
(6H, m, H-9, H-10, H-12, H-13, H-15, and H-16); ^^C-NMR 
(90.5 MHz, CDCI3): 8 14,2 (C-1 8), 17.2 (C-8), 18.5 (C-5), 20.6 
(C-17), 24.2 (C-3), 25,5 (C-11 and C-14), 28.4 (C-4), 33.6 
(C-2), 51.4 (Me at C-1), 78.5 (C-7), 79.5 (C-6), 125.4 (C-9), 
126.9 (C'15), 127.4 and 128.8 (C-12 and C-13), 129.2 (C-10), 
132.1 (C-16), and 173.9 (C-1). 

RESULTS 

PGR based cloning 

Degenerated primers matching the three conserved histidine 
regions [2] were deduced from the aligned amino-acid 
sequences of cloned A^-, A^-acyl lipid desaturases and 
A^-sphingolipid desaturases (EMBL accession numbers: 
Z81122, U79010, AJ222980, AF031477, X87143, AJ224160, 
AJ224161) [3]. Single-stranded cDNA from the moss 
C. pupureus was used as a template for PCR. A number of PCR 
fragments, that were of the expected length, were cloned and 
sequenced. Databank searches and alignments with these new 
sequences revealed that two of the fragments (Ip and 3p) had 
similarities to A^- and A^-acyl lipid desaturases. The deduced 
amino-acid sequences of these partial sequences had 64% 
amino-acid identity to each other, and 74% (3p) and 63% (Ip) 
identity to the A^-desaturase from the moss Physcomitrella 
patens [19]. Because sequence 3p (557 bp) was more similar to 
the Physcomitrella enzyme than sequence Ip (560 bp), we 
assumed that the 3p fragment might be derived from a gene 
encoding a A^-desaturase and the Ip fragment from a gene 
encoding a A^-acetylenase of C. pupureus. 

Isolation of full-length cDNA 

To isolate full-length cDNA clones, the inserts from Ip and 3p 
were isolated, radiolabelled and used to screen a cDNA library 
[14] of light-grown and 7-day dark adapted protonemata. On a 
plate containing about 25 000 plaque-forming units, approxi- 
mately 80 hybridizing plaques were observed. The analysis of 
individual hybridizing plaques with primers, specific to either 
the Ip or 3p sequence and vector DNA flanking the cDNA 
inserts were used to identify clones that contained the longest 
inserts (see Materials and methods). Two X clones were taken 
for further analysis. As we were not able to excise phagmids 
form the cDNA library, inserts from these clones were sub- 
cloned into the plasmid pUC19 to give the plasmids pCerl and 
pCer3. The inserts from these plasmids were sequenced on both 
strands. Plasmid pCerl contained a cDNA of size 2003 bp, 
excluding its poly(A) tail, and encoded a putative ORF of 
483 amino acids between the nucleotide positions 176-1624 
(CPAcet6; Fig, 1). Two in-frame stop codons preceeded 
CPAcet6, which indicated that the sequence upstream of the 
initiation codon, deduced for CPAcet6, is likely to be the 
5 '-untranslated region. The pCer3 cDNA had a length of 
2142 bp, but no stop codon was detected in its 5 '-untranslated 
region. The nucleotide sequence between positions 159-1718 
encoded an ORF of 520 amino acids, which was designated 
CPDes6 (Fig. 1). 

Comparison with other desaturases 

Both the predicted proteins, CpDes6 and CpAcet6 (Fig. 1), 
were slightly shorter than the A^-desaturase from Physcomi- 
trella patens (PpDes6), which has an ORF of 525 amino 
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Fig. 1. Amino-add sequences of the A^-acetylenase (CPAcetd) and the d^-desaturase (CPDES6) from C. pupureus and the closely related 
A^-desaturase (PPDESiJ) from P. patens (AJ222980). For alignment the clustal x program was used (gap opening of 10, gap extension 0.05) showing 
invariant residues in grey colour. The approximate beginnings of the three domains are marked by arrows and their putative function. The eight invariant 
residues characteristic for the cytochrome 65 superfamily and the three histidine boxes of the desaturase domain are framed. The underHned residues indicate 
further positions highly conserved in the A^-desaturases from M. alpina (AF11D510), B. officinalis (U79010), C. elegans (AF031477) and mammals ([23], 
AB021980) as well as in the A^-desaturases from cyanobacteria [LI 1421, X87094], which in contrast to the above mentioned enzymes lack an N-terminal 
cytochrome 65-domain. 
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Table 1. Heterlogous expression of the A*-acetylenase and A^-desaturase from C. pupureus in S. cerevisiae. Total fatty acids liberated from whole cells 
transformed with pYES2 (empty vector), pYCerl (A^-acetylenase) and pYCer3 (A^-desaturase), respectively, were converted into their methyl esters and 
analysed by GC. Transgenic yeast cells were cultured in selective medium in the absence of fatty acids (-), or in the presence of 18:2^^'^^ (18:2), 18:3^^*^'*^ 
(7-18:3). 18:3'^^'*^-'^ (a-18:3) or i8:4^^*^ '2-i5 logarithmic phase before induction with 2% galactose for 24 h at 30 **C. The proportion of odd 

numbered saturated and monounsaturated C 15- and Cn-fatty acids has been summed up and included under 'others'. 
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acids [19]. A comparison of cytochrome ^5 fusion desaturase 
sequences [13] indicated that F^Des6 consists of a hydrophilic 
cytochrome bs domain (from residue 96-208), followed by 
a C-terminal desaturase domain. The CPDes6 and CPAcet6 
sequences were most identical (67% and 52%, respectively) to 
PpDes6 [19], They are 33% identical with the A^-desaturase 
from the fungus Mortierella alpina [21] and only 21-24% 
identical to the A^-desaturase from Borago officinalis [22], 
Caenorhabditis elegans [23], mammals ([24], EMBL accession 
number AB021980) and cyanobacteria [25,26]. 

The desaturase domains of the two proteins have the three 
conserved histidine regions characteristic to all membrane- 
bound desaturases [2]. In addition, the sequence motif 
QIEHHLFPXMPRXN of the third histidine region is present 
in these two C. pupureus proteins as well as in all the 
A^-desaturases with an N-terminal cytochrome b^ fusion. In the 
A^-desaturases from cyanobacteria [25,26], which lack a 
cytochrome b^ domain, the equivalent motif is reduced to 
QXXHHLFP. The exchange of histidine to glutamine present in 
the third histidine cluster seems to be a common feature of all 
A^-, A^- and A^-acyl lipid desaturases and A^-sphingolipid 
desaturases [13]. Sequence comparisons of the desaturase 
domain revealed 17 highly conserved amino acids in addition to 
the seven invariant histidines and the glutamine, which are 
present in the A^-acetylenase and in all A^-desaturases, known 
so far (Fig. 1, underlined). Therefore, the signature for the 
conserved motif of A^-desaturases must be amended to 
(W/F)X,_2H(D/E)XXHX2o~22GXSX3WX3HXXi-2HHX3 
NXn6- 134HX1 , _2o(W/F)X3QX,4_ 15WX2GXLX2QXXHHLFP 
XnCX^Y. 

The cytochrome ^5-domain of both proteins contained the 
eight invariant residues that are characteristic for the cyto- 
chrome bs superfamily [27]. The deviations in sequence, that 
are described for the Helianthus annuus cytochrome ^5- 
containing fusion protein [28] were also found in CpDes6 
and CpAcet6. A comparison of N-terminal cytochrome b^ 



domains revealed five additional amino acids apart from those 
eight invariant residues mentioned above, which are highly 
conserved in all A^-fusion desaturases (Fig. 1, underiined). 
Both CpDes6 and CpAcet6 had putative N-terminal extensions 
of about 89 and 52 residues, respectively. The function of this 
sequence, which is also present in the A^-desaturase from the 
moss P. patens (PpDes6; Fig. 1) is unknown [19]. However, if 
this N-terminal extension codes for a separate domain, the 
cytochrome b^ domain of these proteins would represent an 
internal domain. 

The comparison of the amino-acid sequence of the 
A^-acetylenase with the A^-desaturase sequences from 
C, pupureus, R patens [19], M. alpina [21], B, officinalis 
[22], C. elegans [23], mammals ([24], EMBL accession 
number AB021980) and cyanobacteria [25,26] revealed no 
strictly conserved residues common to all of these desaturases, 
but absent in the acetylenase. When the A*^-acetylenase/ 
desaturase domain was compared with the two moss 
A^-desaturase domains (starting at position 209; Fig. 1), 56 
amino-acid substitutions were identified. Of these substitutions, 
43 were changes between amino acids that were significantly 
different in chemical property. In contrast to this, only seven 
strictly conserved amino-acid changes could be identified in the 
sequences of the A ^ ^-fatty-acid hydroxylases when compared to 
the A*^-fatty-acid desaturases [6]. As few as four to six amino 
acids were adequate to change the function of these proteins 
from a desaturase to a hydroxylase or vice versa. The 
A* ^-acetylenase from Crepis alpina [8] deviates from 
A*^-desaturases in 29 positions. Only four of these changes are 
conservative substitutions. Taken together, these data suggest, 
that a switch from desaturase to acetylenase might involve more 
extensive changes in sequence than what is required to change a 
desaturase to a hydroxylase and vice versa. However, it is 
unclear to what degree these changes are required to facilitate 
merely substrate recognition (as the acetylenases, in contrast 
to the desaturases and hydroxylases, presumably recognize 
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Fig. 2. Fatty-acid profiles of S. cerevisiae expressing eitlier tlie A*-acetylenase or tlie A*-desatiirase from C. pupureus. Yeast cultures containing either 

the empty vector pYES2 (control), pYCer3 or pYCerl expressing the A*-desaturase or the A*-acetylenase were supplemented with the indicated C18-fany 
acids as described under Materials and methods. FAME were prepared from whole cells and analysed by GC. The control strain shows the internal yeast fatty 
acids (16:0, 16:1, 18:0 and 18:1) and the incorporated fatty-acid substrate (18:2 or 7-18:3). Arrows indicate the desaturation products formed from 
supplemented 18:2^' '^ (18:2), 18:3^*' '^ (7-18:3) and 18:4^*« '2 '5 (i8:4o>3), respectively. The acetylenic acids produced are 9,12-(Z,Z)-octadecaden-6- 
ynoic acid(I8:2A) and 9,12,IS-(^2;Z)-octadecatrien-6-ynoic acid (18:3A). 
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substrates with a double bond already present at the or A 
position) or a differing reaction outcome. 

Functional expression in 5. cerevisiae 

For a functional identification, both CpDes6 and CpAcet6 were 
expressed in 5. cerevisiae. The cDNAs CpAcet6 and CpDes6 
were cloned into a yeast expression vector to give pYCerl and 
pYCer3, respectively. These, and the empty vector pYES2 were 
transformed into S. cerevisiae strain INVScl. Transformed 
yeast cells were grown to saturation after induction with 1.8% 
galactose in minimal medium. 5. cerevisiae contains only 
saturated and monoenoic fatty-acid substrates, but no di-, tri- or 
polyenoic fatty acids which may be required for A^-desatura- 
tion or A^-acetylenation. Therefore, the medium in which the 
yeast cells were grown was supplemented with linoleic 
(18:2^^'^^), a-linolenic (18:3^9,i2,i5)^ 7-linolenic (18:3^^'^*^^) 
and stearidonic acid (18:4^*'^''^'^^). In subsequent analyses 
of total fatty acids recovered from pYCerl- or pYCer3- 
transformed cells, 16:2^*•^ 18:2^6,9^ l^:3^W2 and 
lg.4A6,9,i2j5 detected, depending on the fatty-acid 

precursors offered (Table 1). Yeast with pYCerl also produced 
the A^-acetylenic fatty acids 18:2AA6a,9,i2 and 18:3AA^i9,i2.i5 
(see below), whereas control cells harbouring pYES2 produced 
none of these fatty acids. These results confirmed, that CpDes6 
encodes a A^-desaturase and CpAcet6 an enzyme able to 
function as both a A^-acetylenase and a A^-desaturase. 

Substrate specificity 

To elucidate the substrate specificity of CpDes6 and CpAcet6, 
transgenic yeast cultures were fed with different fatty-acid 
substrates. GC analysis of FAME recovered from whole cells 
expressing pYCer3 (CpDes6) showed, that linoleic acid (18:2) 
served as the best substrate for A^-desaturation to 7-linolenic 
acid (7-18:3) (Fig. 2). Cells harbouring pYCERl were also able 
to convert incorporated 18:2 into 7-18:3, but in these cultures 
the newly introduced A^-double bond was further converted 
into a triple bond, resulting in the production of 9,12-(Z,Z)- 
octadecadien-6-ynoic acid (18:2 A). When cells with CpAcet6 
were fed with 7-18:3, they also desaturated the preexisting 
A^-double bond to form a triple bond resulting in the 
production of 18:2A (Fig, 2). Furthermore, the yeast cells 
with CpAcet6 converted stearidonic acid (18:4(i)3) into 9,12,15- 
(Z,Z,Z)-octadecatrien-6-ynoic acid (18:3A), which represents 
the main acetylenic fatty acid found in the moss C pupureus 
191 

Both CpDes6 and CpAcet6 were able to desaturate 
a-linolenic acid (a- 18:3) to stearidonic acid (18:4a)3) (Table 1). 
When cells were not supplemented with an exogenous fatty 
acid, the A^-monoenoic fatty acids present in the yeast served 
as substrates for A^-desaturation. Palmitoleic acid (16:1^^) was 
a better substrate than oleic acid (18:1^^) (Table 1). The fatty 
acids 16:3^''*^'^\ 20:2^«'^\ 20:3^«'**'^^ and 20:4^^'«'^^'^^ did 
not serve as substrates for A^-desaturation or A^-acetylenation 
(data not shown). Petroselinic acid (18:1^^), which has no 
A^-double bond, was not a substrate for A^-acetylenation (data 
not shown). From these results we concluded, that CpDes6 
and CpAcet6 were able to introduce a A^-double bond into 
A^-unsaturated fatty-acid substrates, thus extending the charac- 
teristic divinylmethane pattern one step further towards the 
carboxyl end of the acyl chain. The CpDes6 has a strong 
preference for linoleic acid (18:2^^**^), whereas CpAcet6 pre- 
ferred 7-linolenic acid (18:3^^'^'*2). Palmitoleic acid (16: 1^^^) 
was a better substrate for the A^-acetylenase than for the 



A^-desaturase. Therefore, the A^-acetylenase seemed to be less 
chain length specific than the A^-desaturase. A comparison 
(Table 1) suggests, that in yeast CpAcet6 is a better 
A*-desaturase with a broader substrate specificity than CpDes6. 

GC-MS analysis of acetylenic fatty acids 

Feeding experiments with 7-18:3 to yeasts expressing either 
CpDes6 or CPAcet6 followed by GC-MS analysis of fatty 
acids were used to confirm the presence of A*-olefinic and 
A^-acetylenic bonds in the fatty acids produced by the trans- 
genic yeasts. The methyl ester of 18:3 A from the transgenic 
yeast expressing CpAcet6 was identical with respect to 
retention time (18.25 min), EI-, and CI-MS fragmentation 
pattern when compared withl8:3A isolated from the moss 
Ceratodon purpureas and Dicranum scoparium, which in 
addition was used for NMR analysis (see below). Furthermore, 
the EI-MS spectrum of the 18:3A methyl ester was found to 
be identical with that of 9,12,15-octadecatrien-6-ynoic acid 
described previously [29], 

These data strongly suggested the formation of 18:3 A, but 
the position of the double and triple bonds could not be 
allocated unequivocally by the EI-MS analysis of 18:3 A and 
18:2A as their methyl ester derivatives. Therefore, FAME were 
converted into their DMOX-derivatives. They are considered 
to be the most suitable derivatives for the localization of 
unsaturated bonds in fatty acids and are separated by GC with 
similar resolution as the methyl esters [20,30]. Chemical 
ionization (CI)-MS analysis of the putative 18:3A (eluting at 
15.85 min as compared to 14.31 min of 7-18:3) gave a pseudo- 
molecular ion ([M + H]"'' = 330), which is 2 mass units (mu) 
lower as compared to the substrate 7-18:3 ([M + H]"*" = 332). 
This decrease in molecular mass of the new product can be 
ascribed either to the introduction of an additional double bond 
into 7-18:3 or to the desaturation of an olefinic to an acetylenic 
bond. It should be recalled that CPDes6 produces only 7-18:3 
and stearidonic acid 18:4, whereas expression of CPAcet6 
in addition leads to the formation of 18:2A and 18:3A, The 
El-mass spectra of the two polyolefinic acids, 7-18:3 (Fig. 3A) 
and stearidonic acid (Fig. 3B) displayed molecular ions as 
[M]"^ with m/z = 331 (7-18:3) and 329 (18:4), respectively, 
whereas the derivatives of the two corresponding acetylenic 
fatty acids produced pseudomolecular ions due to the loss of 
one hydride [M-H]"^ with m/z = 328 for 18:2A (Fig. 3C) and 
m/z = 326 for 18:3 A (Fig, 3D). In addition, the series of 
characteristic fragment ions in the high m/z region confirms the 
existence of double bonds at positions 9,12 (and 15) in all four 
compounds (Fig. 3) including the two acetylenic fatty acids 
recovered from transgenic yeasts (Fig. 3C,D). On the other 
hand, even DMOX derivatives do not allow the unambiguous 
localization of a triple bond located between C2-C8. Diagnostic 
fragment ions of the expected size are not formed (compare 
Fig. 3C,D with Fig. 3A,B), and structural assignment by 
GC-MS has to be based on the spectral identity of the unknown 
and a reference compound. Therefore, we isolated the putative 
18:3A in mg quantities [31] from two different mosses for 
independent confirmation of structural details by NMR spectro- 
scopy and as source for obtaining the required reference mass 
spectrum of its DMOX derivative. 

NMR spectroscopy 

The ^H-NMR spectra of 9,12,15-(Z,Z,Z)-octadecatrien-6-ynoic 
acid (18:3A) methylester isolated from C. pupureus and 
D. scoparium were found to be identical (details in Materials 
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and methods). With the exception of the olefinic protons 
(H-9,10,12,13,15,16) all protons in 18:3A appeared as well 
resolved signals which allowed the complete assignment of all 
resonances. The presence of a triple bond between C-6 and C-7 
could be deduced by a *H,^H-COSY experiment showing cross 
peaks between H-5 (8 2.175 p.p.m.) and H-8 (8 2.932 p.p.m.) 
which originated from a diagnostic long range coupling known 
to be present between methylene protons separated by an 
acetylene group [29]. This interpretation was further corrobo- 
rated by ID ^^C-NMR where characteristic signals for triple 
bonded carbons were assigned to C-6 (8 79.5) and C-7 (8 78.6) 
which were lacking in the DEPT spectrum as expected for an 
acetylene group. The other signals could be assigned with the 
help of iH,i3C-HMQC and iH,»3C-HMBC- experiments, the 
latter showing unambiguously connectivities over three carbon 
atoms, thus further allowing assignment especially of C-6 
and C-7 as well as other *H and ^^c NMR signals, including 
olefinic resonances which could not be completely achieved in 
previous communications [29]. Part of the 18:3A methyl ester 
isolated from the mosses was converted to the DMOX 
derivative, which gave an El-mass spectrum identical with 
that shown in Fig. 3D. In conclusion, our EI-MS and NMR 
analysis clearly showed that both (CPDes6 and CPAcet6) can 
introduce a cw-A6 double bond into a suitable precursor, and 
CPAcet6 can further desaturate the cis-A^ double bond to form 
a triple bond at this position, 

DISCUSSION 

Structural properties 

The cDNA sequences CPAcet6 and CPDes6 encoding a novel 
A^-acetylenase and a A^-desaturase from C. purpureas were 
cloned from a cDNA library using a PCR-based approach. The 
deduced A^-acetylenase protein shared 57% identity with the 
A^-desaturase from C. purpureas, which is about the same 
value for the A^^-acetylenase from C alpina to the 
A*^-desaturase from C. palaestirm [8]. On the other hand 
only four amino-acid substitutions are enough to convert a 
A -desaturase into a A^^-hydroxylase [6]. These data suggest, 
that a similarly sized change in amino-acid composition is 
necessary for a switch from desaturation to acetylenation 
independent from regioselectivity (A* or A^^), but that it 
involves a more extensive change in sequence at different 
positions than a switch to hydroxylation. The moss 
A*^-desaturases from C pupureus and R patens [19] share 67% 
identity, but only less than 33% identity to A*^-desaturases from 
other organisms [21,26], whereas a high value (i.e. more than 
64% identity for microsomal A^^-desaturases) is usually found 
for all desaturases sharing the same regioselectivity (A^, A'^ or 
A^^) and the same subcellular compartment, even among 
phylogenetically diverse species. In contrast, A^-desaturases 
show a similarly high conservation only among species 
belonging to the same phylum. 

The same arrangement of functional domains (a N-terminal 
extension, followed by a cytochrome and a C-terminal 
desaturase domain) present in the A^-desaturase from P. patens 
[19] is verified in the A^-acetylenase and in the A^-desaturase 
from C. pupureus, which represents a unique feature of these 
moss desaturases, so far. Therefore, the A^-acetylenase can be 
assigned as a new member of the growing family of cytochrome 
^5 fusion proteins [13]. The essential role for enzymatic activity 
of the cytochrome ^5-domain in these fusion desaturases has 
been demonstrated for the yeast A^-acyl-CoA desaturase 
[32] and for the A^-acyl lipid desaturase from borage [33]. 
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Furthermore, the presence of a cytochrome Z^s-related domain 
suggests a microsomal rather than a plastidial localization of 
these enzymes, because plastidial desaturases use ferredoxin as 
electron donor [34]. Beside this, CPDes6 and CPAcet6 contain 
a N-terminal extension also found in the A^-desaturase from 
P. patens (about 52-95 amino acids) [19], which is absent in 
other presently known desaturases. The function of this exten- 
sion is unclear, as it shows no significant homology to any 
known protein or targeting sequence. The desaturase domain 
downstream of the cytochrome of both proteins shows 
the three histidine boxes conserved in all desaturases [2]. 
Furthermore, in the A^-acetylenase and A^-desaturase from 
C pupureus the first histidine of the third box appearing in all 
A^-, A*^- and A*^-desaturases is substituted by a glutamine 
residue (QXXHH). This substitution seems to be a common 
feature of all N-terminal cytochrome fusion desaturases with 
a A^-, A^- or A^-regioselectivity, known so far. As for these 
fusion desaturases, the A^-acetylenase can be assigned as 
*front-end' desaturase, which recognizes a pre-existing double 
bond at the A^ position (x) and introduces a new double and 
triple bond, respectively, extending the divinylmethane pattern 
(x - 3 = A^ position) towards the carboxyl end of the fatty 
acyl chain. 

Functional analysis in 5. cerevisiae 

The expression of CPDes6 and CPAcet6 in 5. cerevisiae with or 
without supplementation of different fatty-acid substrates 
resulted in newly formed desaturation products neither present 
in control cells transformed with the empty vector nor in 
wild-type cells. The structure including the double and the 
triple bond positions, respectively, of these newly formed 
fatty-acid products were confirmed by GC-MS of their 
DMOX-derivatives. Based on the presented data, we conclude 
that CPDes6 codes for a A^-desaturase and that CPAcet6 
codes for a A^-acetylenase, both of which are able to desaturate 
A^-unsaturated C16- and C18-fatty acids, resulting in the 
production of 18:3^^'^'^^ 18:4^^'^'* 2, 15^ J6:2^^'^ and minor 
amounts of 1 8:2^^'^. A similar substrate specificity for A^'^^^*^^- 
polyenoic and A^-monoenoic acids has also been observed for 
the A^-desaturases from P. patens [19], M. alpina [21] and 
C elegans [23]. Apart from the same broad substrate 
specificity of a A^-desaturase, CPAcet6 can further generate a 
triple bond by desaturating 18:3^6,9,12 ^ l8:2A^6a,9,i2 and 
18.4A6,9,i2,i5 to l8:3A^6a,9,i2,i5^ fiased on these data, we assume 
that CPAcet6 codes for a bifunctional A^-acetylenase/ 
desaturase, which can use both A^^^ ^^-unsaturated fatty acids 
for the introduction of a double bond and, independent from 
this, A^'^'^^^^^^-unsaturated substrates for the formation of a 
triple bond. At least in yeast, the occurrence of concomitant 
A -desaturation might be due to a limited supply of the 
preferred A^'^'^^^* ^^-unsaturated fatty-acid substrates for acetyle- 
nation. On the other hand, there are more examples for 
bifunctional enzymes. When expressed in yeast, the C. alpina 
acetylenase [8] and the Lfendleri hydroxylase [5] showed 
A^^-desaturase activity, the A. thaliana A^^-oleate desaturase 
[6] lost its chain length specificity by using palmitoleic acid 
and the A^-sphingolipid desaturases from Brassica napus and 
A. thaliana [35] lacked stereoselectivity by introducing a cis- 
and trans-double bond, respectively. In yeast expressing 
CPAcet6 18:2 was desaturated two times at the same positions 
to yield 18:2A. Furthermore, 7-18:3 was a better substrate for 
acetylenation than 18:4, whereas a- 18:3 only served as a 
substrate for A^-desaturation but not for A^-acetylenation. 
These data are in agreement with the pathway suggested for 
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18:3 A synthesis in the moss C. pupureus: linoleic acid (18:2) is 
desaturated twice in the position, yielding 18:2A, which 
undergoes a A^^-desaturation to yield 18:3A [9]. At present, 
very little is known about the catabolism and function of 
A^-acetylenic fatty acids in plants. Recently, an acetylene 
hydratase was purified from Pelobacter acetylenicus catalyzing 
the degradation of acetylene to acetaldehyde [36]. 

ACKNOWLEDGEMENTS 

We thank Dr P. Beutelmann (Institut fur AUgemeine Botanik, Universitat 
Mainz) for providing us wiUi the poly(A)"*' RNA, Dr F. Thiimmler 
(Botanisches Institut, Universitat Munchen) for the \-ZAP cDNA library 
from Ceratodon purpureas. The moss cultures were generous gifts from Dr 
E. Hartmann (Institut fiir Biologie, Freie Universitat Berlin) and from Prof. 
Dr P. Beutelmann. Sequencing of cDNA library full length clones was 
kindly performed by Dr O. da Costa e Silva (BASF AG, Ludwigshafen). We 
thank H. Moll for excellent GC-MS analyses. This work was supported by 
BASF AG. Ludwigshafen. 

REFERENCES 

1. Wolff, LA. (1966) Seed lipids. Seed triglyceride oils are chemically 

diverse, scientifically interesting, and versatile in utility. Science 154, 
1140-1149. 

2. Shanklin, J. & Cahoon, E.B. (1998) Desaturation and related modifi- 

cations of fatty acids. Anna. Rev. Plant Physiol. Plant Mol. Biol 
49, 611-641. 

3. Girke, T., Sperling, R & Heinz, E. (1998) Cloning of desaturases with 

new specificities. In Advances in Plant Lipid Research (Sanchez, J., 
Cerda-Olmedo, E. & Martmez-Force, E., eds), pp. 103-109. 
Secretariado de Publicaciones de la Universidad de Sevilla, Seville, 
Spain. 

4. van de Loo, F.J., Broun, R, Turner, S. «fe Somerville, C. (1995) An 

oleate 12-hydroxylase from Ricinus communis L is a fatty acyl 
desaturase homologue. Proc. Nad Acad. Sci. USA 92, 6743-6747. 

5. Broun, R, Boddupalli, S. & Somerville, C. (1998) A Afunctional oleate 

12-hydroxylase: desaturase from Lesquerella fendleri. Plant J. 13, 
201-210. 

6. Broun, R, Shanklin, J., Whittle, E. & Somerville, C. (1998) Catalytic 

plasticity of fatty acid modification enzymes underlying chemical 
diversity of plant lipids. Science 282, 1315-1317. 

7. Haigh, W.G., Morris, L.J. & James, A.T. (1968) Acetylenic acid 

biosynthesis in Crepis rubra. Lipids 3, 307-312. 

8. Lee, M., Lenman, M., Banaoe, A., Bafor, M., Singh, S., Schweizer, M., 

Nilsson, R., Liljenberg, C, Dahlqvist, A., Gummeson, P.-O., Sjodahl, 
S., Green, A. & Stymne, S. (1998) Identification of non-heme diiron 
proteins that catalyze triple bond and epoxy group formation. Science 
280, 915-918. 

9. Kohn, G., Hartman, E., Stymne, S. & Beutelmannn, J. (1994) Biosyn- 

thesis of acetylenic fatty acids in the moss Ceratodon purpureas 
(Hedw.) Brid.*. J. Plant Physiol. 144. 265-271. 
10. Cahoon, E.B., Carlson, T.J., Ripp, K.G., Schweiger, B.J., Cook, G.A., 
Hall, S.E. & Kinney, A.J. (1999) Biosynthetic origin of conjugated 
double bonds: Production of fatty acid components of high-value 
drying oils in u-ansgenic soybean embryos. Proc. Natl Acad. Sci. USA 
96, 12935-12940. 

M. Fritsche, K., Homung, E., Peitzsch, N„ Renz, A. & Feussner, I. (1999) 
Isolation and characterization of a calendic producing (8,11)- 
linoleoyl desaturase. FEBS Lett 462, 249-253. 

12. Wallis, J.G. & Browse, J. (1999) The A^-desaturase of Euglena 

gracilis: an alternative pathway for synthesis of 20-carbon poly- 
unsaturated fatty acids. Arch. Biochem. Biophys. 365, 307-316. 

13. Napier, J., Sayanova, O.. Speriing, R & Heinz, E. (1999) A growing 

family of cytochrome j»5-domain fusion proteins. Treruls Plant Sci. 4, 
2-4. 

14. Pasentsis, K., Paulo, N., Algarra, P.. Dittrich, R & Thiimmler, F. (1998) 



© FEBS 2000 

Characterization and expression of the phytochrome gene family in 
the moss Ceratodon purpureas. Plant J. 13, 51-61. 

15. Riggs, M.G. & McLachlan, A. (1986) A simplified screening procedure 

for large numbers of plasraid minipreparations. Biotechniques 4, 
310-313. 

16. Dohmen, RJ.. Strasser, A.W.M., Honer, C.B. & Hollenberg, C.R 

(1991) An efficient transformation procedure enabling long-term 
storage of competent cells of various yeast genera. Yeast 7, 69 1 -692. 

17. Ausubel, EM., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G., 

Smith, LA., Struhl, K., Albright, L.M., Coen, D.M. & Varki, A. 
(1995). Current Protocols in Molecular Biology. John Wiley & Sons. 
New York. USA. 

18. Avery, S.V., Hewlett, N.G. & Radice, S. (1996) Copper toxicity towards 

S. cerevisiae: dependence on plasma membrane fatty acid composi- 
tion. AppL Environ. Microbiol. 62, 3960-3966. 

19. Girke, T, Schmidt, H., Zahringer, U., Reski, R. & Heinz, E. (1998) 

Identification of a novel A6-acyl-group desaturase by targeted gene 
disruption in Physcomitrella patens. Plant J. 15, 39-48. 

20. Christie, WW. (1998) Mass spectrometry of fatty acids with meihylene- 

interrupted ene-yne systems. Chem. Phys. Lipids 94, 35-41. 

21. Huang, Y.S., Chaudhary, S., Thurmond, J.M., Bobik, E.G. Jr, Yuan, L., 

Chan, G.M., Kirchner, S.J., Mukerji, R & Knutzon, D.S. (1999) 
Cloning of A 12- and A6-desaturases fi"om Mortierella alpina and 
recombinant produaion of 7-linolenic acid in 5. cerevisiae. Lipids 
34, 649-659. 

22. Sayanova, O., Smith, M.A., Lapinskas, P., Stobart, A.K., Dobson, G., 

Christie, WW, Shewry, RR. & Napier, LA. (1997) Expression of a 
borage desaturase cDNA containing an N-terminal cytochrome bs 
domain results in the accumulation of high levels of A^ -desaturated 
fatty acids in transgenic tobacco. Proc. Natl Acad. Sci, USA 94, 
4211-4216. 

23. Napier, J.A., Hey, S.J., Lacey, D.J. & Shewry, RR. (1998) Identification 

of a Caenorhabditis elegans A^*fatty-acid-desaturase by heterlogous 

expression in S. cerevisiae. Biochem. J. 330, 611-614. 

24. Cho, H.R, Nakamura, M.T. & Clarke, S.D. (1999) Cloning, expression, 

and nutritional regulation of the manmialian A-6-desaturase. /. BioL 
Chem. 274, 471-477. 

25. Reddy, A.S., Nuccio, M.L., Gross, L.M. & Thomas, XL. (1993) 

Isolation of a A^-desaturase gene from the cyanobacterium 
Synechocystis sp. strain PCC 6803 by gain-of-fiinction expression 
in Anabaena sp. strain PCC 7120. Plant Mol Biol 27, 293-300. 

26. Murata, N., Deshnium, R & Tasaka, Y. (1996) Biosynthesis of 

"y-linolenic acid in the cyanobacterium Spirulina platensis. In 
y-Linolenic Acid, Metabolism and its Roles in Nutrition and 
Medicine (Huang, Y. & Milles, D.E., eds), pp. 22-32. AOC Press. 
Champaign, IL, USA. 

27. Lederer, F. (1994) The cytochrome ^s-fold: an adaptable module. 

Biochimie 76, 674-692. 

28. Speriing, R, Schmidt, H. & Heinz, E. (1995) A cytochrome ^^5- 

containing fusion protein similar to acyl lipid desaturases, Eur. J. 
Biochem. 232, 798-805. 

29. Kohn, G., Vierengel, A., Vandekerkhove, O. & Hartmann, E. (1987) 

9-Octadecen-6-ynoic acid from Riccia fluitans. Phytochemistry 26, 
2101-2102. 

30. Fay, L. & Richli, U. (1991) Location of double bonds in polyunsatu- 

rated fatty acids by gas chromatography-mass spectrometry after 
4,4-dimethyloxazoline derivatization. J. Chromatogr. 541, 89-98. 

31. Andersson, B., Anderson, W.H., Chipault, J.R., Ellison, E.C., Fenton, 

S.W, Gellerman, J.L., Hawkins, LM. & Schlenk, H. (1974) 9,12,15- 
Octadecatrien-6-ynoic acid, a new acetylenic acid from mosses. 
LipWj 9, 506-511. 

32. Mitchell, A.G. & Martin, C.E. (1995) A novel cytochrome /?5-like 

domain is linked to the carboxyl terminus of the S. cerevisiae fatty 
acid desaturase. J. Biol Chem. 270, 29766-29772. 

33. Sayanova, O., Shewry, RR. & Napier, LA. (1999) Histidine-41 of the 

cytochrome domain of the borage A^ fatty acid desaturase is 
essential for enzyme activity. Plant Physiol 121, 641-646. 

34. Heinz, E. (1993) Biosynthesis of polyunsaturated fatty acids. In Lipui 



© FEES 2000 



Bifunctional A^-acetylenase/desaturase {Eur. J. Biochem. 267) 3811 



Metabolism in Plants (Moore, T.S. Jr, ed.), pp. 33-89. CRC Press. 
Boca Raton, FL. 

35. Sperling, P., Zahringer, U. & Heinz, E. (1998) A sphingolipid 
desaturase from higher plants. Identification of a new cytochrome 
bs fusion protein. J. Biol Chem. 273, 28590-28596. 



36. Meckenstock, R.U., Krieger, R., Ensign, S., Kroneck, RM.H. & Schink, 
B. (1999) Acetylene hydratase of Pelobacter acetylenicus. Molecular 
and spectroscopic properties of the tungsten iron-sulfur enzyme. 
Eur, J. Biochem, 264, 176-182. 



The Plant Journal (1998) 15(1), 39-48 



Identification of a novel A6-acyl-group desaturase by 
targeted gene disruption in Physconiitrella patens 



Thomas Girke\ Hermann Schmidt^, Ulrich Zahringer^, 
Ralf Reski^ and Ernst Helnz^'* 
WniversitSt Hamburg, Institut fQr Allgemeine Botanik, 
Ohnhorststr. 18, 0-22609 Hamburg, Germany 
^Institut f. ZQchtung Landwirtschaftlicher Kulturpflanzen, 
Institutplatz 1, 0-18190 GroR LQsewitz, Germany 
^LG Immunchemie, Parkallee 1-40, 0-23845 Borstel, 
Germany, and 

^Albert-Ludwlgs-Universitat Freiburg, Institut for 
Biologie II, SchMnzlestr. 1, 0-79104 Freiburg, Germany 

Summary 

The moss Physcomitrella patens contains high levels of 
arachidonic acid. For its synthesis from linoleic acid by 
desaturation and elongation, novel A5- and A6- desaturases 
are required. To isolate one of these, PCR-based cloning 
was used, and resulted in the isolation of a full-length 
cDNA coding for a putatively new desaturase. The deduced 
amino acid sequence has three domains: a N-terminal 
segment of about 100 amino acids, with no similarity to 
any sequence in the data banks, followed by a cytochrome 
bs-related region and a C-terminal sequence with low 
similarity (27% identity) to acyl-lipid desaturases. To 
elucidate the function of this protein, we disrupted its 
gene by transforming P. patens with the corresponding 
linear genomic sequence,, into which a positive selection 
marker had been inserted. The molecular analysis of five 
transformed lines showed that the selection cartridge had 
been inserted into the corresponding genomic locus of all 
five lines. The gene disruption resulted in a dramatic 
alteration of the fatty acid pattern in the knockout plants. 
The large increase in linoleic acid and the concomitant 
disappearance of y-linolenic and arachidonic acid in all 
knockout lines suggested that the new cDNA coded for a 
A6-desaturase. This was confirmed by expression of the 
cDNA in yeast and analysis of the resultant fatty acids by 
GC-MS. Only the transformed yeast cells were able to 
introduce a further double bond into the AG-position of 
unsaturated fatty acids. To our knowledge, this is the first 
report of a successful gene disruption in a multicellular 
plant resulting in a specific biochemical phenotype. 

Introduction 

Compared to higher plants, many members of moss, algae 
and fern families produce a wider variety of polyunsatur- 
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ated fatty acids (PUFA; Dembitsky, 1993; Jamieson and 
Reid, 1975; Zhukova and Aizdaichec 1995), and PUFA such 
as arachidonic acid (AA) and eicosapentaenoic acid (EPA) 
are produced only by lower plants. The function of these 
long-chain PUFA in the membranes of lower plants is 
still unclear, whereas in humans, they play a key role in 
eicosanoid metabolism (Samuetsson, 1983). 

The biosynthesis of AA and EPA generally starts with 
linoleic acid (18:2), which is channelled into a widely 
branching network of desaturation and elongation steps 
(Arao and Yamada, 1994; Cohen etaL, 1995; Shiran etaL, 
1996). Key enzymes in this network are A5- and A6-desatur- 
ases, which introduce the new double bond between the 
first double bond and the carboxyl terminus of the fatty 
acid, known as carboxyl-directed desaturation. This mode 
differs from the methyl-directed desaturation, which works 
towards the methyl end of the unsaturated fatty acid. 
Desaturases of both types belong to the membrane-bound 
desaturases, which operate in microsomes or in plastids 
(Hginz, 1993). All desaturases, including acyl-ACP, 
(Ohirogge etaL, 1993), acyl-CoA (Enoch etaL, 1976) and 
acyl-lipid desaturases, are believed to catalyse an O2' 
dependent reaction, in which either cytochrome bs serves 
as electron donor for the microsomal or ferredoxin for the 
plastidial desaturases (Kearns etaL, 1991; Schmidt and 
Heinz, 1990; Smith etaL, 1990). 

In the last few years, extensive sequence inforrriatioh' 
from various desaturases in the methyl-directed group has 
been accumulated, but only a few from the carboxyl- 
directed group (Reddy etaL, 1993; Sayanova etaL, 1997) 
have been cloned so far. A good source to clone new 
desaturases is the moss Physcomitrella patens. Lipids of 
R patens contain high proportions of AA (up to 30% of 
total fatty acids) indicating strong expression of A5- and 
A6-desaturases (Grimsley etaL, 1981). This moss can be 
propagated vegetatively in the haploid state (Ashton and 
Cove, 1977), which simplifies the phenotypic analysis after 
mutation or transformation (Schaefer etaL, 1991). Genes 
of this organism can be specifically inactivated by gene 
targeting, as shown by Schaefer and Zryd (1997), who 
demonstrated that integration of homologous DNA into 
the genome of P. patens takes place by homologous 
recombination with a relative efficiency of more than 90% 
among transgenic plants. 

In the present communication, we describe the isolation 
of a new cDNA and its corresponding genomic sequence 
from R patens, using a PCR-based screening. The encoded 
protein shared less than 27% sequence identity with known 
desaturases and represents a fusion between a C-terminal 
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desaturase with a cytochrome bs-reiated part and a N- 
terminal extension. Its function and importance for the 
biosynthesis of AA (20:4) was identified by disrupting 
the corresponding gene in P. patens. The biochemical 
phenotype of the null mutant and its subsequent comple- 
mentation by feeding y-linolenic acid (18:3^®'^'^^) demon- 
strated that the disrupted gene codes for a A6-desaturase, 
which plays a key role In the synthesis of 20:4. 

Results 

PCR'based cloning 

For PGR experiments, different sets of degenerate primers, 
deduced from the three conserved histidine boxes of acyl- 
lipid desaturases, were synthesized (Avelange-Macherel 
etal,, 1995; Shanklin etal., 1994). The template used was 
single-stranded cDNA from P. patens, which was reverse- 
transcribed from mRNA of 12-day-old protonema cultures. 
Bands of the expected length were cloned and sequenced. 
Data bank searches and alignments with these new 
sequences indicated similarities to acyl-lipid desaturases 
for seven cDNA fragments. Six of them were classified 
as putative members of the well-known A12- and A15- 
desaturases based on high identities of over 60%. in 
contrast to this, one sequence of 550 bp showed less than 
27% identity to known desaturases. Since Physcomitrella 
was expected to express A5- and A6-desaturases, it was 
postulated that this sequence might be derived from one 
of those desaturases. 

Isolation of a full-length cDNA 

To isolate a full-length cDNA clone, the 520 bp PGR frag- 
ment was DIG-labelled, and used to screen a cDNA library 
of 12-day-old protonemta. Of 3.0 x 10^ plaques screened, 
19 positives were isolated. The restriction analysis of their 
inserts showed a similar pattern in all cases. The partial 
sequence analysis from six inserts revealed that they were 
identical to each other within their overlapping regions 
and also to the original 520 bp PGR fragment. The longest 
insert, designated PPDES6 cDNA, was sequenced on both 
strands. It had a length of 2012 bp excluding its poly(A) 
tail. An open reading frame stretched from position 319- 
1894, and several stop codons in the corresponding 5' 
untranslated region indicated its full length (Figure 1). 
The protein PPDES6 translated from the PPDES6 cDNA 
contained 525 amino acid residues with a calculated 
molecular weight of 59.3 kDa. This Is 7-20 kDa larger than 
all acyl-lipid desaturases known from higher plants and 
cyanobacteria. Data bank searches indicated similarity to 
cytochrome bs sequences from residues 105-176 and to 
desaturases from residue 207 towards the C-terminus. 
The desaturase domain showed the highest similarity to 



the cytochrome bs-containing fusion protein of Helianthus 
annuus (Sperling eta/., 1995), a putative fusion protein 
from Caenorhabditis elegans encoded by cosmid T13F2 
(Z81122) and the A6-desaturases of Spirulina platensis 
(X87094), Borago officinalis (Sayanova etal,, 1997) as well 
as Synechocystis sp. PCC 6803 (Reddy eta/., 1993). The 
identity values of PPDES6 to these proteins were low and 
ranged from 21% to 27% for the sequence between the 
first and third histidine boxes and from 12% to 23% over 
the entire length. The sequence motive QIEHH of the third 
histidine box started with a glutamine instead of a histidine, 
which has also been found in A6-desaturases and the 
cytochrome fusion protein of H. annuus, but not in other 
membrane-bound desaturases. The hydrophobicity plot 
(Kyte and Doolittle, 1982) after residue 200 showed the 
typical profile of membrane-bound desaturases (data not 
shown). The cytochrome bs-related domain contained the 
eight invariant residues typical for the cytochrome 
superfamily (Lederer, 1994). 

The N-terminal extension of about 100 residues did not 
share significant similarity to any sequence in the data 
banks, and computer analysis did not detect any motives 
for protein targeting or modification either for the extension 
or for the whole protein. 

Structure of the gene 

To knock out the PPDES6gene, its genomic sequence was 
amplified by PGR with specific primers G and D. Primer G 
was deduced from the 5' end and D from the middle of 
the 3' untranslated region of the PPDES6 cDHA. PGR with 
these primers and genomic DNA of P patens as template 
amplified a fragment that was 1578 bp longer than the 
distance between the binding sites of the primers on the 
cDNA. The genomic PGR fragment, denoted PPDES6, was 
cloned and sequenced on both strands (Figure 2). Apart 
from six putative introns (i1-i6) it was 100% identical with 
the cDNA, confirming its identity as the genomic locus of 
the PPDES6 cDNA. The 5' splicing border of five introns 
was GT and the 3' border of all six was AG. Only the fourth 
intron i4 contained the unusual 5' splicing border GG, 
which has been found in genes of several plant species 
(Xue and Rask, 1995). The reliability of this intron sequence 
was confirmed by sequencing two other PGR-amplified 
clones over this region. The intron i4 was located between 
two triplets coding for residues 176 and 177. After residue 
176 the detected similarity to cytochrome b^ sequences 
was terminated. 

Gene targeting 

For the disruption experiments, the first histidine box of 
the genomic clone was replaced by the npt II gene as a 
positive selection marker. The subsequent double digestion 
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Rgure 1. Amino acid sequences of PPDES6 and closely related proteins. 

For alignment the CLUSTAL X program was used (gap opening 10« gap extension 0.05). Conserved and invariant residues are grey. The approximate 
beginning of the three domains ifrom PPDES6 are marked by arrows and their putative function. The eight invariant residues characteristic for the cytochrome 
bs superfamily and the three histidine boxes of the desaturase domains are framed. The underlined residues indicate the positions of introns 11-16 in the 
genomic sequence PPDES6. SYDesS, SPDesS and BODESS refer to the A6-desaturases of Synechocystis (U79010), Spirulina (X87094) and Borago (U79010). 
NTCYTBS and HAB5 refer to the cytochrome b^ of Nicotiana (X71441) and the bs fusion protein of Helianthus (X87143), respectively. 
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Rgure 2. Structure of the desaturase cDNA (a), the desaturase gene (b) and the fragment used for gene disruption (c). 

(a) PPDES6 com {2012 bp) and schematic representation of the protein PPDES6 (525 aa) with three domains: an extension (Ext) of unlcnown function, a 
cytochrome by and a desaturase-like region with typical amino acid bloclcs. Stop codons are symbolized by stars. 

(b) Corresponding genomic sequence PPDES6 amplified with primer C and D (shown in a). The positions and lengths of the six introns (i1-i6, grey) are 
marked. The GC splice junaion is shown for 14. 

(c) Replacement fragment for gene disruption: the first histidine box in the genomic fragment was substituted after a $aUi/BstB\ double digestion by the npt 
II cartridge, which contained the npt II coding region between the CaMV 35S promoter (P35S} and terminator (T). The transformation was carried out after 
linearization with ^afll and Hpa\ resulting in a linear fragment (underlined in bold) with the npt II cartridge inserted into the sequence of the desaturase. The 
numbered arrows below the blocks indicate the binding sites of primers used for subsequent PCR analyses. The localization of the Del probe used for 
Southern blotting (see Figure 3) is marked with a line above the block. 



with Sau\IBslB\ yielded a linear fragment with the npt II 
gene in its centre and the desaturase arms at both ends 
(Figure 2). This linear fragment was used to transform P. 
patens protoplasts by the PEG method (Schaefer etal., 
1991). Seven transformation experiments with 3.0 x 10^ 
protoplasts in each experiment resulted in the isolation of 
56 independent and stably transformed lines. Five ran- 
domly selected transgenic lines (K1-K5) were used for 
detailed analysis regarding the molecular biology of gene 
disruption as well as its consequences for fatty acid biosyn- 
thesis. 

Molecular analysis of the transgenic lines 

The specific integration of the transformed DNA Into the 
PPDES6 gene was analysed by PCR using genomic DNA 
from five transformed lines (K1-K5) and the wild type. The 
locations of the different primers are presented in Figure 2. 
It is important to point out that the 3' end of primer 4 binds 
40 bp downstream of the cloned genomic sequence to 
exclude PCR signals resulting from contamination by the 
DNA used for transformation. Its sequence was derived 
from the 3' end of an incomplete cDNA clone, which 
showed the same sequence in the overlapping region with 
cDNA PPDES6, but contained a longer 3' end, 

PCR with the primer pair 1/2 amplified fragments of 2.7 
kbp, and with the primer pair 3/4 bands of 1.6 kbp, from 



all five transformants, whereas experiments with the wild 
type gave negative results. The length of the bands agreed 
with a substitution of the first histidine box of the PPDES6 
gene by the npt II cassette. Both PCR fragments from 
two transformants (K2 and K3) were cloned and partially 
sequenced. The sequenced segments were identical with 
the corresponding regions of the transformed gene disrup- 
tion construct. Most important, the fragments from primer 
pair 3/4 contained the downstream genomic element of 
40 bp, which was absent in the transformed DNA. They 
lacked the first histidine box, and the transition regions of 
the npt II cassette to the PPDES6 gene, as well as the 
regions containing the restriction sites Aat II and Hpa 
I, were identical in their sequence with the disruption 
construct. 

To provide evidence for a deletion of the first histidine 
box in the PPDESSgene of the transgenic lines, the genomic 
DNA of the transformed lines and the wild type was 
digested with Bgl\\, blotted and hybridized with the DIG* 
labelled deletion probe Del. This probe represents the Sau\l 
BstBl fragment encoding the first histidine box, which had 
been deleted from the transformed disruption construct 
(Figure 3). Hybridization with the deletion probe Del 
showed one strong signal of 4.5 kbp and two very weak 
signals of 5.0 and 7.0 kbp with the wild type DNA. The 
transformed lines K1-K4 had lost the strong 4.5 kbp signal 
but not the two weak signals. Line K5 corresponded to the 
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Rgure 3. Verification of gene disruption by Southern blotting. 
Genomic DNA (4^g) from the wild type iWT) and five transformed lines 
K1-K5 (1-5) was digested with Bgl\\ and hybridized with the deletion probe 
(Del). The location of the probe is described in Figure 2. {Molecular weights 
in kbp are indicated on the right. 

wild type situation but contained an additional band of 
more than 21 kbp. 

To compare the expression of PPDES6 in the five trans- 
genic lines with the wild type, we blotted total RNA of 14- 
day-old protonemata and hybridized it with a DIG-labelled 
RNA probe against the 3' end of the PPDES6 cDNA 
(Figure 4). The wild type showed a strong signal of 2.0> 
2.2 kb, whereas the five transgenic lines had lost this 
transcript. Hybridization with a npt ll-specific probe (blot 
not shown) detected a strong signal of 1.0-1.3 kb in all 
transgenic lines but not in the wild type. 

Functional analysis of PPDES6 in P. patens 

For the functional identification of the desaturase, we 
analysed the total fatty acids of the wild type and the five 
knockout lines. The fatty acid analyses presented in Figure 5 
are confined to the wild type and to line K2, but the 
other four lines tested gave essentially the same results. 
Pathways [1] and [2] below show the sequences proposed 
for the biosynthesis of AA (20:4) and EPA (20:5) in P. patens, 




Figure 4. Northern blot analysis of PPDES6 expression. 
Total RNA (20 ng) from 14-day-old P. patens protonemata was probed with 
an RNA probe transcribed from the last 600 bp of the PPDES6 cDNA. Five 
transgenic lines K1-K5 (1-5) and the wild type (WT) were analysed. 
Molecular weights in kb are indicated on the right. 



and they are supported by our results (fatty acids are 
indicated as m:n^®'^'^' m refers to the number of carbon 
atoms, n to the double bonds and ^a^b^c,... position 
of the double bonds; desaturation and elongation steps 
are indicated by Ax and EL). 



18; 



2^9,12 18:3^6A12 20:3^'"'^* 20:4^'^"'^* 



[1] 



A15 



^Q:2/^A2AS^^ 18:4^6.9,12.15 20:^mW7_^ 20:5^'^'"'^^'" 12] 

Compared with the wild type, all transgenic lines showed 
a strong decrease in those unsaturated fatty acids, the 
formation of which involves a A6-desatu ration step 
(Figure 5): ^B:3^^^'^\ 18:4^6,9.12,15^ 20:3^8,ii,i4^ 20:5^5,8,ii,i4,i7 

and most clearly 20:4^^'^'^^ ''^ On the other hand, the 
possible substrates for a A6-desaturase, 18:2^^'^^ and 
^3.3A9,i2.i5 increased. Therefore, it is most likely that the 
reactions from ^S:2^^''^^ to 18:3^®'^'''^ as well as from 
IQ.3A9.12.15 13.4A6.9.12.15 ^gre blocked, both of which 

are catalysed by a A6-desaturase (compare pathways [1] 
and [2]). 

To provide further evidence for the function of the new 
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A6-desaturase, we supplemented the knockout line K2 and 
the wild type with 18:3^^'^'^2 (^18:3). In K2 the feeding of 
this fatty acid resulted in the reappearance of 20:3^'^^'^^ 
and 20:4^^'®'''^'*'^ whereas almost no change was observed 
in the wild type. This experiment indicates that the knockout 
line K2 is able to synthesize 20:4 from added 18:3^^'®'''2, 
but not from 18:2^®'^^, which increases in unsupplemented 
K2. However, the addition of 18:3^®'^'^^ did not result in a 
complementation of the almost complete disappearance 
of 20:5^5,8,11,14,17 In ^2. 

The addition of 20:2^ii'i^ 20:3^1^'^^'^^ (data not 
shown) did not result in an increase of 20:4 and 20:5 in the 
wild type or in K2. Another interesting effect of the knockout 
was the completely different proportion of C20-fatty acids 
in K2 (7%) compared to the wild type (30%). 
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Rgure 5. Fatty acid profiles of tlie P. parens wild type <WT) and the knockout 
line K2. The fatty acid nrtethyl esters (FAME) of the total lipids were analysed 
by capillary gas-liquid chromatography. The chromatograms WT and K2 
show the FAME of protonemata grown for 14 days in liquid medium. The 
lower chromatogram shows the FAME profile of K2 cells cultured under 
the same conditions but in the presence of 50 of y18:3 (18:3^'^^). 



Functional expression ofPPDES6 in Saccharomyces 
cerevisiae 

To exclude the possibility that the loss of a A6-desaturase 
in the knockout lines is a consequence of a regulatory 
difference between the Physcomitrella wild type and 
knockout lines, PPDES6 was functionally expressed in 
Saccharomyces cerevisiae. Plasmid pYESAB containing the 
open reading frame of the PP0fS6cDNA was transformed 
into the S. cerews/ae strain INVSC1. One clone transformed 
with pYESA6 and another with the empty vector pYES2 as 
control were grown for four to five generations after 
induction with 2% galactose in minimal medium. Since 5. 
cerevisiae does not contain the dienoic fatty acid substrates 
required for a A6-desaturase, the expression was per- 
formed with supplementation of 18:2^3'^2 gnd 18:3^5'''2'15, 
respectively. In subsequent analyses of total fatty acids, 
the following A6-desatu rated products were detected in 
the strain expressing PPDES6: 16:2^^ ^ 18:2^6'9, 18:3^6'9'i2 
and i8:4^6'3'''2'''5 (Table 1). In the control cells, none of these 
fatty acids were detected. The production of these fatty 
acids with an additional A6-double bond confirmed that 
cDNA PPDES6 encodes a A6-fatty acid desaturase. 

Discussion 

Structural properties 

The cDNA and the genomic sequence PPDES5 encoding a 
novel A6-desaturase from P patens were cloned using a 
PCR-based approach. The deduced protein shared less 
than 27% identity with the recently cloned A6-desaturase 
from B. officinalis and with the A6-desaturases from cyano- 
bacteria (Reddy etal., 1993; Sayanova etal., 1997). This is 
a surprisingly low value, as until now all desaturases 
of the same regiosetectivity and the same subcellular 
compartment have been more highly conserved, even 
between distantly related organisms. For example, six 
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Table 1. Expression of the A6-desaturase In S. cerevisiae. The fatty 
acid methyl esters of the total lipids from cells transformed with 
pYES2 (WT control) and pYESA6 (A6-desaturase of P. patens) were 
analysed by GLC. The celts were cultured in minimal medium 
supplemented with 2% galactose for 24 h at 30*^0. The last two 
columns show data from cultures supplemented with 18:2^'^^ 
(18:2) and 18:3^'",i5 ^^^^^^ 
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other PGR fragments from P. patens, isolated in this screen- 
ing, coded for putative A12- and A15-desaturases and 
displayed more than 60% Identity to the corresponding 
desaturases of higher plants and cyanobacteria. 

The presence of the cytochrome bs-related domain 
upstream of the desaturase suggests its localization in 
microsomes rather than in chloroplasts, because plastidial 
desaturases normally use ferredoxin as electron donor 
(Heinz, 1993). Besides this, PPDES6 contains a new 
N-termlnal extension of about 100 amino acids, which is 
absent in other presently known desaturases. The function 
of this extension is unclear, since it shows no significant 
homology to any known protein, and targeting or modifica- 
tion signals were not detected. Interestingly, the three 
histidine boxes and the cytochrome bg domain of PPDES6 
are encoded by separate exons (Figure 2), implying that 
they may constitute separate evolutionary units. The fourth 
intron containing the unusual 5' splicing border GC is 
located directly after the last triplet for the cytochrome bs 
domain. This organization could allow a differential splicing 
between the 5' border of the first and the 3' border of the 
fourth intron, resulting in a deletion of both the cytochrome 
bs domain and the N-terminal extension from the desatur- 
ase domain of the PPD£S6 transcript. 

Molecular analysis of the transgenic lines 

In this study, we have described the highly efficient 
knockout of the PPDES6 gene after transforming R patens 
with a linear disruption fragment. PGR experiments proved 
the specific integration of the npt II cassette into the 
PPDES6 locus in all arbitrarily chosen transgenic lines. 



Furthermore, Southern blot experiments confirmed the 
deletion of a 200 bp segment encoding the first histidine 
box from the genome of four transgenic lines (K1-K4). It 
is likely that reciprocal exchange by double cross-over led 
to the integration observed in these four lines. Targeting 
experiments from Schaefer and Zryd (1997) demonstrated 
homologous integration into a locus but not a substitution. 
The blots with line K5 reveal an even more complicated 
situation. Nevertheless, K5 does not express the A6-desatu- 
rase activity any more. Two additional signals of low 
intensity in wild type and in all transgenic lines indicated 
that related genomic sequences were not involved in the 
gene targeting events. The presence of these sequences 
suggests that isoforms of other A6-desaturases could be 
expressed to some extent In the knockout lines. 

In the Northern blots all transgenic lines showed a 
dramatically reduced expression of PPDES6 while this 
transcript was abundant in the wild type. Thus loss of 
desaturase activity, as evident from the fatty acid profiles 
most probably resulted from loss of transcription due to 
gene disruption. 

Functional analysis ofPPDESG in P. patens and S. 
cerevisiae 

The gene disruption of PPDES6 resulted in a dramatic 
alteration of the fatty acid pattern in the transformed lines. 
The knockout lines showed an increase of 18:2 and a18:3 
and a decrease of A6-desaturated fatty acids. Therefore, it 
is likely that PPDES6 codes for a A6-desaturase, which 
desaturates 18:2^^'i2 to 18:3^^'9'^2 gnd 18:3^3'^2.i5 ^ 
18:4A6,9,i2,i5 jj^Q A6-regioselectivity of PPDES6 was further 
verified by restoration of 20:4 biosynthesis upon feeding 
of y18:3 (Figure 5). The synthesis of 20:4 from y18:3 would 
not work if a A5-desaturase or the elongation system had 
been blocked. The A6-desaturation of 18:2 and a18:3 added 
to S. cerevisiae cells expressing PPDES6 confirmed these 
results and excluded the possibility that the loss of a 
A6-desaturase in the knockout lines was due to regulatory 
alterations, for example the loss of an activator for the 
A6-desaturase. On the other hand, we could not detect a 
A8-G20-desaturase in P. patens, since addition of 20:2^^^'''^ 
and 20:3^"'^^'^^ did not increase the content of 20:4 and 
20:5. A A8-desaturase operating at the G20-level could 
theoretically replace the A6-G18-desaturase in the biosyn- 
thesis of 20:4 and 20:5. Such an enzyme has been suggested 
to be present in Euglena gracilis (Nichols and Appleby, 
1969). 

Based on the knockout effects and feeding experiments, 
we propose the two pathways (1] and [2] mentioned above 
for the biosynthesis of 20:4 and 20:5 in P. patens, which 
branch at 18:2. They are in agreement with the biosynthesis 
of 20:4 and 20:5 as suggested for Porphyridiun) cruentum 
(Shiran etal., 1996). 
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It should be noted that S. cerevisiae cells expressing 
PPDES6 produced not only 18:3^6'9'12 and I8:4^«'9'i2,i5^ ^ut 
also 16:2^®'^ and 18:2^^*^, which were not detected In P. 
patens. The reason for their absence in P. patens may 
be the low content and rapid turn-over of the putative 
precursors, 16:1^® and 18:1^^, in the moss, whereas they 
are produced in high amounts by S. cerevisiae. Since the 
A6-desaturase converts 16:1^^ to 16:2^^'®, but does not 
introduce a A8-double bond into 20:2^"'^* and 20:3^"'^^'^^ 
(mentioned above), the insertion of the A6-double bond 
involves measuring from the carboxy terminus (and the 
A9-double bond) rather than from the methyl end. This 
classifies the desaturase as a A6-desaturase (Heinz, 1993). 

Another interesting effect is the significant decrease in 
C20-fatty acids in the knockout lines. The decrease from 
more than 30% in the wild type to less than 7% in K2 
indicates that the elongation system of P. patens prefers 
or even requires A6-desaturated C18-fatty acids. This 
elongation process is either very rapid or channelled and 
thus prevents the accumulation of y18:3 or 18:4 in lipids. 
In the other organisms, from which A6-desatu rases have 
been cloned (R officinalis and Synechocystis), elongation 
systems do not co-operate with this desaturase and there- 
fore A6-desaturated fatty acids can accumulate. A detailed 
analysis of lipids and fatty acids in P patens wild type and 
knockout plants, as well as in S. cerevisiae expressing the 
A6-desaturase, will be published elsewhere (T. Girke eta!., 
manuscript in preparation). 

In our present study, all knockout lines still contained 
small amounts of fatty acids, which were synthesized by 
a pathway requiring A6-desaturase. This indicates that at 
least one other functional gene for a A6-desaturase should 
exist. Possible candidates may be the two faint signals 
observed above the targeted 4.5 kbp fragment in Southern 
blots of wild type and transgenic lines (Figure 3). 

Apart from these biochemical changes, we did not detect 
any visibly altered phenotype in the knockout plants, at 
least in their protonema or gametophore states at 25^C. 
Therefore, it was not possible at this point to evaluate 
the physiological importance of 20:4 for the moss. The 
appearance of a visible phenotype may also be prevented 
by residual 20:4. Deletions of several desaturases in Syne- 
chocystis became critical only if the A6- and A12-desaturase 
were knocked out together, whereas a reduction in trienoic 
acids without affecting dienoic acids was not critical (Tasaka 
efa/., 1996). 



Experimental procedures 

Plant material and culture conditions 

The protonemata of Physcomitrella patens (Hedw.) BSG were 
grown in liquid medium (Reski etal., 1994). For feeding experi- 
ments with fatty acids, 4-day-old cultures were supplemented 



with ammonium salts of fatty acids (dissolved in ethanol) to a 
final concentration of 50 and further cultivated for an additional 
6-8 days. 



Analysis of nucleic acids 

DNA manipulations were performed according to standard proto- 
cols (Sambrook etal., 1989) unless otherwise stated. DNA 
sequences were determined on both strands by the dideoxy chain 
termination method using Dye Primer as well as Dye Terminator 
sequencing kits. 

PCR with degenerated primers and cDNA library 
screening 

Poly(A)'^ RNA was isolated with Dynabeads (Dynal, Oslo, Norway) 
from total RNA of 12-day-old P patens protonema cultures, and 
reverse-transcribed into single-stranded cDNA. This ss-cDNA was 
used as template in the PCR-based cloning. A 550 bp PCR fragment 
was amplified with the degenerate sense primer A 5'-TGGTGGAA 
(A/G)TGGA(C/A)ICA(T/C)AA-3' and antisense primer B 5'-GG 
(A/G)AA(AA'/G/C}A(A/G)(G/A)TG(G/A)TG(C/T)TC-3' derived from 
the amino acid sequence WWKW (N/T)HN"and EHHLFP, respect- 
ively The PCR reactions were carried out with Taq DNA polymerase 
using an amplification programme of 3 min denaturation at 94'*C, 
followed by 30 cycles of 20 sec at 94^,30 secat45°C, 1 minat72°C 
and terminated by 5 min extension at 72T. The PCR fragments of 
the expected length (500-600 bp) were cloned In pUCIS and 
sequenced. A digoxygenln-labelled DNA probe of the PCR frag- 
nnent was synthesized by PCR and used to screen a lambda 
ZAPII cDNA library of 12-day-oId protonemata according to the 
manufacturer's protocols (Boehringer, Mannheim, Germany; 
Stratagene, La Jolla, CA). The longest insert (PPDfS6cDNA) was 
sequenced on both strands using overlapping subclones. The 
corresponding genomic sequence PPDES6 was isolated by PCR 
with specific primers C (5'-CCGAGTCGCGGATCAGCC-3') and D 
(5'-CAGTACATTCGGTCATTCACC-3') using the Expand High 
Fidelity PCR System (Boehringer) and the hot start PCR program 
described below. PPDES6 was cloned into the pCR-Script Amp 
SK(+) cloning vector (Stratagene), resulting in plasmid pPPDESS 
and sequenced on both strands. 



Transformation of P. patens 

First the vector pRTIOIneo was constructed to obtain a npt II 
selection cassette, which could be excised by H/ndill digestion. 
For this purpose the npt II coding region of pRTIOOneo (TOpfer 
eta/., 1993) was excised with H/ndlll (blunted)/Xf7ol and ligated 
between the CaMV35S promoter and terminator of pRTI 01 (TOpfer 
eta/., 1987), which had been digested with Xb3\ (blunted)/X/iol. 
The gene disruption construct resulted from the substitution of a 
SaiA/B$lB\ fragment in the genomic clone pPPDESB by the npt II 
selection cartridge. Subsequently, the disruption construct was 
digested with >4afll and Hpal, resulting in a linear fragment with 
the npt 11 gene in Its centre flanked by genomic sequences of 
923 bp and 1159 bp. Fifteen nnicrograms of this linear DNA were 
phenol extracted, precipitated and used for the transfornnation 
without separation from the vector. PEG-mediated direct DNA 
transfer into protoplasts was performed as described by Schaefer 
etal. (1991). The regenerated protonemata were selected for 
14 days on medium with G418 (50 mg r''), released for 12 days 
under non-selective conditions and again grown for 14 days on 
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selection plates. Well growing plants surviving this selection 
regime were defined as stable transformants and cultivated for 
nnass production in non-selective liquid nnediunn. The stability of 
their G418 resistance was tested every 4 weeks by incubating 
aliquots on selection plates. 



experinnents, the cultures were grown to an optical density 
(600 nm) of 0.5 in CMdum medium, then supplemented with 2% 
galactose (w/v) as well as 0.003% of the corresponding fatty acid 
(w/v; stock solution solubilized in 5% tergitol) and finally grown 
to saturation for 24 h at 30^. 



DIG'labelling ofDNA and RNA 

DNA probes were labelled with digoxygenin by PCR (PCR DIG 
probe synthesis kit; Boehringer). The 5' ends of the primers for 
the deletion probe (Del) were located on the PPDES6 cDNA at 
position 910 and 1092 {Sau\/Bs^\ fragment). The desaturase RNA 
probe was transcribed by in vitro transcription with digoxygenin 
(Boehringer) from a subclone of the PPDES6 cDN A containing the 
last 600 bp of its 3' end and the npt It probe from a subclone 
coding for the npt II. 



PCR detection. Southern and Northern blot analysis 

Four primers were used in the PCR experiments for the detection 
of gene targeting events. Primer 1 was derived from the 5' end 
of PPDES6. Primers 2 and 3 were constructed from the ends of 
the npt I! coding region. The sequence of primer 4 (5'- 
CAGAGACGAATCGTGGCTCC-3') was derived from the 3' end of 
an incomplete cDNA clone, which was identical with PPDES6 
cDNA in the overlapping region, but contained a longer 3' end. 
The PCR experiments with these primers were run with a hot 
start programme of 10 min denaturation at 94''C, addition of the 
polymerase at followed by 30 cycles of 30 sec at 94X, 30 sec 
at 60X, 3 min at 72''C and terminated by 10 min extension at 
72X. Genomic DNA of P patens was extracted with cetyl-trimethyl- 
ammonium bromide according to Rogers and Bendich (1988). 
Four micrograms of DNA were digested with the appropriate 
restriction enzynie, separated on a 0.7% agarose gel by electro- 
phoresis, transferred onto a nylon membrane and hybridized. The 
final washing steps were performed in 0.5 x SSC with 0.1% SDS 
at 68°C. The detection was accomplished with a chemiluminescent 
substrate {CSPD, Boehringer). The Northern blot experiments were 
performed with total RNA isolated from 14-day-old protonema 
cultures (RNeasy plant kit Qiagen, Hilden, Germany). Twenty 
micrograms of total RNA were separated on a standard formalde- 
hyde gel, blotted onto a nylon membrane and hybridized with 
RNA probes. The final washing steps were performed in 0.1 x SSC 
with 0.1% SDS. 



Expression in S. cerevisiae 

The open reading frame of the cDNA was cloned behind 

the galactose-inducible promotor GAL1 of the yeast expression 
vector pYES2 (Invitrogen, Leek, Netherlands). For this purpose, a 
new Xhc\ site was introduced by PCR (32 bp upstream from its 
deduced translatlonal start at position 319). The entire open 
reading frame of the desaturase was released with H/ndlll 
(blunted)/X/7ol and ligated into the X6al {blunted)/X/jol sites of the 
pYES2 vector to yield plasmid pYESA6. Its sequence was verified 
by DNA sequencing. The plasmids pYESAS and pYES2 were 
transformed into the Saccharomyces cerevisiae strain INVSC1 
(Invitrogen) by the lithium acetate method (Ausubel etal., 1995). 
Cells harbouring the plasmids pYES2 and pYESAS were grown in 
complete minimal drop-out uracil medium (CMdum) containing 
2% raffinose as the exclusive carbon source (Ausubel era/., 1995; 
Kajiwara etal., 1996) and 1% Tergitol NP-40 (w/v; Sigma) for the 
solubilization of fatty acids (Avery etal., 1996). For expression 



Lipid analysis 

Lipids were extracted from protonemata and yeast cells by chloro- 
form-methanol extraction (Siebertz etal., 1979) and purified from 
apolar components by TLC in diethylether. In this solvent all 
membrane lipids (triacylglycerols were not produced by protone- 
mata) remained at the start. The fatty acid methyl esters (FAME) 
were obtained by transmethylation of the lipids with 1 N H2SO4 
in methanol and 2% dimethoxypropane at 80°C for 1 h. The 
extracted FAME were analysed by gas-liquid chromatography 
using a capillary column (Chrompack, WCOT Fused Silica, CP- 
Wax-52 CB, 25 m, 0.32 mm). Their identities were confirmed 
by comparison with appropriate FAME standards (Sigma). The 
corresponding fatty acid pyrrolidides were obtained as described 
elsewhere (Andersson and Holman, 1974) and analysed by GLC- 
MS on a HP 5989 A instrument (Hewlett-Packard) equipped with 
an HP-5 column using a temperature gradient 150X (3 min) 
320X at 5° min"'\ Electron impact (El) was carried out at 70 eV 
and chemical ionization mass spectra (CI-MS) were recorded with 
ammonia as reactant gas (0.1 MPa). 
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ABSTRACT: The synthesis of GLA (A6,9,1 2-1 8:3) is carried 
out in a number of plant ta>(a by introducing a double bond at 
the A6 position of its precursor, linoleic acid (A9,12-18:2), 
through a reaction catalyzed by a A6-desaturase enzyme. We 
have cloned genes encoding the A6-desaturase {D6DES) from 
two different Macaronesian Echium species, £. pitardii and f . 
gentiarioides (Boraginaceae), wKlch are characterized by the 
accumulation of high amounts of GLA in their seeds. The 
£chium D6DE5 genes encode proteins of 438 amino adds bear^ 
ing the prototypical cytochrome bj domain at the N-terminus. 
Cladistic analysis of desaturases from higher plants groups the 
fcWum D6DES proteins together with other A6-desaturases in a 
different cluster from that of the highly related A8-desaturases, 
Expression analysis. carried out In B. pitardii shoves a positive \ 
Gbrrelation between the D6Df5 transcript level and GLA accu- 
rnulation in different tissues of the plant. Although a ubiquitous 
expression in all organs is observed, the transcript is particularly 
abundant in developing fruits, whereas a much lower level is 
present in -mature Jeaves, ,Functipnalcharacierization. of .the 
05D£5gens from E, ^eni!ar}oide9 beer . ^chb.v?'^ by b?^- 
erologous expression in tobacco plants and in the yeast Saccha- 
fomyces cerevisiae. In both cases, overexpression of the gene 
led to the synthesis of GLA. Biotechnological application of 
these results can be envisaged as an initial step toward the gen- 
eration of transgenic oleaginous glantsgroducing GLA. 
Paper no. L8951 in Lipids 37/41 7-42^J(April 2002). 



GLA (A6t9,12-18:3) is recognized as an EFA in human nutri- 
tion. Its deficiency causes several health disorders, and it has 
also been claiMed that its administration prevents some dis- 
eases (1-3)- In particular* GLA has been shown to inaprove 
skin function in elderly people (4), attenuate body fat accu- 
mulation (5), and have a selective tumoricidal action over 
hiunan gliomas (6,7). 

GLA is synthesized from linoleic acid (A9,12-18:2, LA) 
by the activity of the enzyme A6-desaluvase (D6DES) that in- 
troduces a new double bond into the A6 carbon (8). The same 
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enzyme is able to introduce a A6 desaturation into a-linolenic 
acid {A9,12,15-18:3, ALA), producing octadecatetraenoic 
acid (A6,9.12,15-18:4. OTA) (9), Although present in hu- 
mans, D6DES activity is apparently too low lo provide 
enough GLA to satisfy body needs. Therefore, GLA has in- 
terest as an essential nutrient and as a component of some 
phampaceutical products and functional foods. 

GLA is currently marketed from seeds of a few plant 
species, e.g., evening primrose {Oenothera biennis)^ common 
borage (Borago officinalis), and black currant (Ribes nigrum^ 
Hov^ever, cuiient sources have been recognircd as inadequate 
for the continuous demand of an expanding market (10-12), 
since they are not oil-rich plants, and their agronomic prac- 
tices are not as well developed as for other crops. Therefore, 
attempts have been made to find alternative sources (13). In 
this sense. GLA production from genetically modified organ- 
isms, including oilseed plants, has been suggested as a possi- 
ble alternative (43-16): Initial altenapts at overexpression of - 
i^Oi^/iiS genes in neicruiuguus syaijems liavc w.iiip!ji^s«:cu 
iinportance of the gene origin and host organism. For in- 
stance, functional expression of the D6DES gene from a 
cyanobacterium was very inefficient when performed in a 
higher plant, tobacco (15), whereas performance of the Bor- 
ago D6DES was much better in the same host plant (17). 
Therefore, DSDES genes from higher plants seem to be a bet- 
ter choice (instead of those from fungi or cyanobacteria) 
when used as transgenes in oilseed crops. 

A group of endemic Macaronesian plants from the genus 
Echiuni (Boraginaceae) were xecendy identified as among the 
richest sources of GLA found in nature (18). Among them, E. 
gentianoides showed an exceptional GLA content in the seed, 
28% of total FA (19). which makes this species an interesting 
source of the D6DES gene. However, E, gentianoides is a 
perennial shrub whose flowering takes about 2-3 yr in its nat- 
ural habitat, a major problem when a study of gene expres- 
sion in floral tissues and developing fruits is intended. To 
overcome this problem, a closely related species, E. pitardii^ 
was also used in our studies to perform a molecular charac- 
terization of the D^Df^ gene. Although somewhat less effi- 
cient in GLA seed accumulation (22%), E. pitardii has the ad- 
vantage of an annual life cycle that is completed in about 4 
mon in the laboratory. 
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In this work, we obtained the genomic sequences for the A6- 
desaturase genes of £ gentianoides (EGDdDES) and £ pitardii 
' {EPD6DES), A molecular characterization of these genes, in- 
cluding the expression pattern analysis, was performed. Func- 
tionality of the putative D6DES product was proved by heterol- 
ogous expression of EGD6DES in tobacco calli and in the yeast 
Saccharomyces cerevisiae. In ti'ansgenic tobacco cqlli the syn- 
thesis of GLA and OTA was achieved from die endogenous 
substrates LA and ALA, respectively, whereas GLA production 
in the yeast took place from exogenously incorporated LA. 
These results pave the way for the generation of oilseed plants 
overexpressing the EGD6DES gene. 

MATERIALS AND METHODS 

Plant material Seeds from £. genrianoides AVebb ex Coincy and 
E. pitardii A. Chev. were collected in their natural habitats at the 
Macaronesian island of La Palma (Canaty Islands) during the 
summers of 1999 and 2000. Tobacco plants, Nicotiana tabacum 
var. Wisconsin 3S, were used for iransformaiion experiments. 
All plants were grown at 25''C under controlled conditions m 
growth cabinets with a 16 h lighi/8 h dark photoperiod. 

Microbial strains, Agrobacterium tumefaciens LBA4404 
(20) was used as a vector for plant transfomiation, The 5. cere- 
visiae strain used in this work was Sc340: MATa ode J leu2 uraJ 
his3::P^^^jf^'GAL4'URA3 (21.22). Cloning procedures in Es- 
cherichia cali were carried out with strain DH5a as the host 

Cloning and sequence analysis of the D6DES genes. 
Cloning of the D6DES gene from EGD6DES was achieved 
by polymerase chain reaction (PCR) amplification of a partial 
sequence, followed by bi-directional genomic walking 
through inverse PCR (IPCR). Initially* a 550 bp PCR frag« 
ment coiresponding to amino acid positions 187 to 369 
(Fig. 1) was obtained by using the degenerate oligonu- 
deoiides BO-1 [5'-AT(A/C)AG(T/C)AT(T/C)GGTTGGTG- 
GAA(A/G)TGG-3'] and BO-2 [5'-AATCCACC(A/G)TG- 
(A/G)AACCA{A/G)TCCAT-3'] as primers and genomic 
DNA froin E. gentianoides as a template, following standard 
PCR protocols- The product was cloned into the pGEM-T- 
Easy® vector (Promcga, Madison, WI) and the sequences for 
several clones were obtained from both strands by the 
dideoxy method using a Perkin Elmer (Foster City, CA) ABI- 
377 DNA automated sequencer. Two sequences were ob- 
tained that were identified as corresponding to the putative 
A6-dcsaturase and the highly related A8-desaturase, based on 
the comparison to the orthplogous genes from B. officinalis. 
From the D6DES partial sequence, two nested upstream 
primers, GE-1 (5'-GAGGTGAGCGAGCTAAACAACTTG- 
3') and GE-2 (5'-AACATATTGACCCTAGCGGAACA-3'), 
and two nested downstream primers, GE-3 (5'-CTCGGTGA- 
CTGGAATGCAACAAG-30 and GE-4 (5'-CGGCGAGT. 
GnTATGTTGGTCAG-3'). were designed to perform the 
IPCR essentially as described (23). The DNA was digested 
with one of tlie enzymes HindlTl or Sspl and subjected to cir- 
cularization followed by two nested rounds of PCR amplifica- 
tion. Suitable fragments were analyzed and sequenced as de- 



scribed before. With this approach, we obtained about 2.5 kbp 
of genomic sequence, comprising 120 bp upstream of the ini- 
tiation ATG and some 1.1 kbp downstream of the stop codon. 

A genomic DNA fragment containing the whole coding se- 
quence (besides 36 and 97 bp of the 5'- and 3'-uniranslated re- 
gions, respectively) for EGD6DES was obtained by PCR ampli- 
fication asing suitable upstream GE-5 (5'-TGGATCACCAAA- 
CACAGTAGTAAG-30 and downstream GE-6 (5'-TCCAACA- 
AGTAGAACCAATGCAAG-30 primers and a readingrproof 
polymerase (AccuTaq<&, Sigma). The fragmeut was cloned and 
sequenced as indicated. Similarly, a whole genomic clone for the 
D6DES gene from EPDSDES was obtained by PCR on genomic 
DNA, using the same GE-5 and GE-6 flanking primcis. 

Cladistic analysis. Alignment of amino acid sequences for 
desaturase proteins was done using the program Clustal X v. 1.7 
(24) (European Molecular Biology Laboratory, Heidelberg, 
Gennany) with the default settings. For the selected sequences 
in Figure 1, the alignment was visualized using the Boxshade 
V, 3.21 program (European Molecular Biology Laboratory). 
The whole alignment output was used to generate a phyloge- 
netic tree (Fig. 2) based on the neighbor-joining algorithm of 
Saitou and Nei (25) with the following parameters: The whole 
amino acid sequence of the protein was considered, positions 
with gaps were not excluded, and distances were not corrected 
for multiple substitutions. Bootstrap values over 1,000 repli- 
cates were also calculated using the same prograna. The result- 
ing phenogram was drawn using the program TteeView (Uni- 
versity of Glasgow, Glasgow, United Kingdom) (26). 

Southern and Northern blot, analysis. Genomic DNA was 
isolated from Echium seedlings by a cetyltrimethylanuno; 
niuro bromide-based extraction procedure (27). DNA (about 
3 jig) was restricted with the appropriate restriction enzymes, 
separated on a 0.8% agarose gel, and transferred by capillar-^ 
ity onto Hyoona'^ N+ liyjon membranes (Amcrsharh * Buck- 
inghamshire, United Kingdom). Fillers were fixed by baking, 
prehybridized at 42''C for 5 h in the 50% fonnamide/High 
SDS buffer recommended by the digoxigenin (DIG) manu- 
facturer (Boehringer-Mannheim, Mannheim, Germany), and 
hybridized at the same tiemperature and same buffer solution 
(stringent conditions), containing the DIG-labeled EGD6DES 
specific probe at 25 ng/mL. High stringency washes were per- . 
formed twice at 65°C during 15 min in buffer containing 0.5 
X SSC (1 X SSC = .150 mM NaQ, 15 mM sodium citrate, pH 
7.0) and 0.1% SDS, and the luminogenic substrate CSPD® 
(Boehringer-Mannheim) was used for detection following the 
instructions provided with the DIG detection kit. Images were 
obtained by exposure of Biomax ML® films (Kodak, 
Rochester, NY) for 10-25 min and fmal developing by stan- 
dard procedures. The EGDSDESproht was obtained by ran- 
dom primed labeling from a PCR fragment (Fig. 3) generated 
with primers GE-4 and GE-6, corresponding to the last J 15 
amino acids of the protein and about 100 bp of the 3'-untrans- 
latcd region. Probe specificity was previously conlBrmed by 
the absence of cross-hybridization under the same conditions 
with a highly homologous A8 -desaturase fragment from 
Echium (not shown). 
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FIC 2. Neighbor-joining tree illusvating relationships among lichium D$DES proteins and 
other desaturases from dicot species. Amino acid sequences were analyzed as described m the 
Materials and Methods section. EGD5DES and EPD6DES proteins reported in this paper are 
indicated enclosed by a square. The tree was rooted using A9-desatu rases as the outgroup. 
Bootstrap values are expressed as percentages (over 1 ODD replicates) at relevant nodes. 



Total RNA was extracted from different tissues of E. 
pitardii plants grown to maturity following the method of 
Chang et al (28). About 5 Hg per lane of total RNA was 
loaded onto an agarose/formaldehyde gd, electrophoretically 
separated, and transferred to Hybond-N+ membranes. Filters 
were hybridized at 50*^0 (stringent conditions) as described 
for Southern analysis using the same EGD6DES specific 
probe. Stringent washes, accomplished at eS'^C, and detection 
of the DIG labeled probe weni as indicated before. As a con- 
trol, the filters were rehybridized with a 900 bp cDNA probe 
from tobacco, which encodes part of the cytosolic glyceralde- 
hyde-3-phosphate dehydrogenase gene (29). In this case, hy- 
bridization was done in the same conditions, but the final 
washes were performed at 65''C. 

Tobacco transformation and generation of calli. A full 
DNA genomic fragment encoding the whole EGD6DES pro- 
tein and part of the 5' and 3'-untran$lated regions was ob- 
tained by PGR as indicated before. The fragment was se- 
quenced to check for the absence of PGR mutations and 
cloned in the sense orientation at the polylinker of the tran- 
scriptional fusion vector pJIT60 (30) between a 35S CaMV 
promoter containing a duplicate enhancer sequence and 



appropriate tcrminadon-polyadenylation signals. The KpnV 
Xhol "cassette" containing the transcriptional fiision was lib- 
erated and cloned into the pBINl9 binary vector (31), and the 
resulting construct was used to uransform the A. tumefaciens 
LBA4404 strain. Tobacco leaf disc transformation was 
achieved essentially as described by Horsch et al (32). The 
calli were obtained by incubation of tobacco leaf disks in 
Murashigc-Skopg medium containing 30 g/L glucose, 0.1 
mg/L 6-benzylamino-purine, 1 mg/L a-napbthalene acetic 
acid. 100 mg/L kanamycin, 500 mg/L cefotaxime, and 1 
mL/L vitamins (stock solution from Sigma). Incubation was 
performed in peiri dishes kept in growth chambers at 25'*C 
under a 12L/12D photopcriod regime. 

Yeast transformation, Saccharomyces eerevisiae Sc340 
strain was u^nsformed by the procedure of Ito et al (33) with 
plasmid pYexD6D. This plasmid was constructed by cloning 
the E. gentianoides D6DES gene under control of the CYC- 
GAL hybrid promoter of expression vector pEMBLyex4 (34). 
Transformant colonies were selected by complementation of 
the leu2d marker. Yeast-transformed clones were grown for 
about 48 h at 30''C in standard minimal medium supple- 
mented with the auxou-ophic requirement of the strain. The 
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Fir 1 Genomic structure of the DSDES gene of Bchium f^entianoides. (A) Restriction map of the £CD6DES 
Jlnomic sea^n^^^^^^^^^^ by inverse polymerase chain reaction. Enzyme symboU are stat«J below Posmon 

^xCeC^Se^^^^ bar, (B) Southern blot analysis of BCDSDES in E, S-r,an-';^^ 

Df^i was d^^^^^^ (H3), H/ndl (H2), RsM (R). Oral (D), Hadll (H)^ or Vspl (V) 

as« and hSization was performed under stringent corjditions, as described in the Materials and Methods sec- 
tion using the £CD6D£S-specific probe (Fig- 3B). Size markers (kbp) positions are indicated. 



cells were collected by centrifugatlon and transferred to a 
medium suited for the induction of the GAL promoter, which 
contained 1% yeast extract, 2% peptone, 0.5% glucose, and 
1% galactose: The indiiclion Tncdiura also contained 25 \}M 
of the GLA precursor LA (final concentration) prepared in 
Tergitol (1% final concentration). The transformant cells were 
incubated in the induction mediuna al 20X and samples were 
taken for analysis after 24 and 48 h. 

FA analysis. The biomass (tobacco colli or yeast) was pre- 
viously lyophilized. Simultaneous lipid extraction and gener- 
ation of FAME were performed as described elsewhere (35). 
For some experiments, fresh tobacco calli were directly ana- 
lyzed following the same method. FA composition was deter- 
mined by GLC as in (35). GC-MS analysis was carried out 
using a Varian (Palo Alto, CA) 3400 gas chromatograpb-Sai- 
urn 3 ion trap mass spectrometer operating at an ionization 
voltage of 70 eV with a scan range of 60-650 Da. The mass 
spectra of the relevant peak.s were compared to those of stan- 
dards processed by the same equipment. 

RESULTS 

Cloning of genes encoding the ^6'desaxurasc from Echium 
plants. The complete genomic sequence for the D6DES gene 
of £. gentianaicles was obtained by PCR amplification of a 
partial sequence fragment, followed by walking in both di- 
rections by IPCR (see the Materials and Methods section). 



Degenerated primers corresponding to highly conserved mo- 
lives (ISIGWWKW, and MDWFHGG) of A6- and A8-desat- 
urascs (Fig. I) were used to amplify from the genomic DNA 
of E. gsnfianoidss.^. ^5P,bp PCR fr?.gme,nT^tl)a.t^w^^^ 
quently cloned in a T-vector. Several clones, were sequenced, 
allowing the identification of putative A6- and AS-desalurase 
sequences based on the comparison to the Borago ortho^ 
logues. From the partial D6DES sequence, gene-spccific 
primers were designed that allowed the obtaining of several 
IPCR clones and the assemblage of a 2.5 kbp genomic se* 
quencc containing the whole coding region. Finally, genomic 
fragments comprising the coding sequence of genes from 
ECD6DES and EPD6DES were obtained by PCR amplifica- 
tion on genomic DNA using flanking primers derived from 
the E. gentianoides sequence. None of these genes contained 
intervening sequences showing 98% of identity at the DNA 
level. The two genes presented very similar open reading 
frames encoding proteins of the same length, 438 amino acids 
(Fig. 1). The Echium proteins shared a high similarity, with 
only seven amino acid changes (three of them conservative). 
Both proteins are highly homologous to A6- and A8-plant de- 
saturase.s (Fig. 1 ). They exhibit the prototypical cytochrome 
bg domain at the N-terminus, as reported for other A6- and 
A8-desaturases (36). In addition, three Histidine boxes, the 
third one conforming to the characteristic consensus QXXHH 
of these dcsaturases, are found at the corresponding positions. 
Putative trans-membrane regions are predicted to occur 
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(Fig 1) according to their location as membrane.bound pro- 
teins Protein BLAST search revealed the highest homology 
to D6DES ofB, officimlis. sharing 85% of identical residues 
with EGD6DES. Clustering analysis including representative 
members of the different desaturase classes shows a clear 
grouping of the two Echium proteins with the D6DES of Bar- 
ago and a stiJJ uncharacterized protein from Ricinus (acc. no. 
AF005096). These proteins niakc up a sejDarate clade (sup- 
ported by a 100% bootstrap value) to that of the highly related 
AS'desaturases. This provides evidence for the identification 
of the Echium gene products as A6-desatiirases. 

Genomic organization and expression analysis of the 
Echium A6'desaxurase. Genomic structure and organization 
of the D6DES gene in Echium was investigated by Southern- 
blot analysis. Genomic DNA from E. gentianoides was di- 
gested with six different restriction enzymes followed by hy- 
bridization with a EGD6DES specific probe (see the Maten- 
als and Methods section) under stringent conditions. Single 
hybridization bands were obtained with five enzymes that do 
- not cut within the probe (Fig. 3B), thus indicating that the 
EGD6DES gene is represented in the haploid genome by a 
single copy. Moreover, sizes for the hybridization fragments 
comprising the coding region are in agreement with the ge- 
nomic sequence assembled by IPCR walking (Fig. 3A), thus 
confirming that the D6DES genes do not possess introns. 



Similar results were obtained from Southern analysis in £. 
pifflrdii (r<is*ilts not shown). 

The expression pattern of the D6DES was analyzed by 
Northern blot on total RNA from- different tissues of £. 
pitardii. Hybridization with the EGD6DES specific probe 
under stringent conditions resulted in relatively strong hy- 
bridization signals for samples corresponding to stems, roots, 
flowers, and developing fruits, this latter tissue giving the 
highest intensity. Conversely, the EPD6DES RNA was found 
at a comparative low level in the leaves (Fig. 4A). In the same 
experiment expression of the housekeeping gene GAPDH 
served as a positive hybridization control. The relative tran- 
script levels, (normalized in base to RNA loading) of 
EPD6DES showed a good correlation with the GLA content 
determined for the different tissues (Fig. 4B). This might be 
an indication that in Echium plants the GLA. content in a 
given tissue might be primarily governed by the steady-state 
level of the Z>(5D£5 mRN A. 

functionai analysis of the Echium A6-desamra5e by het- 
erologous expression in tobacco calE In order to demonstrate 
that the Echium genes actually encode enzymes with a A6- 
desaturase activity, we have introduced via Agrobacterium 
the complete EGD6DES gene under the control of a constini- 
tive 35S CaMV double promoter in tobacco, a plant that does 
not accumulate GLA. The phospholipid-bound LA, which is 
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FIG. 4. Expression analysis erf the EPD6D£S gene. (A) Northern experiment of the D6DfS of 
Echium pitardii. Equivalent amounts of total RNA from leaves (U, stems (S), roots (R), develop- 
fruits (Fr). and developing flowers (F) were hybridized with the fCD6DfSspecif,c probe 
(Fig. 3A) ur^der high-stringency conditions, as Indicated in the Materials and Methods s^^Uon 
The expression pattern of the cytosolic glyceraldGhyde-3-pho$phate dehydrogenase (CAPDH), 
a constitutive gene used as a control, Is shown below b^ide the ethidium brortiide sw.nmg of 
the eel The CAPDH probe was obtained from tobacco. (B) Comparison of the GLA content 
and D6DES expression in different tissues of f. pitardii. Relative D6D£S expression (above , 
normalized in base to RNA loading is expressed as a percentage over the max.murn level at- 
tained in developing fruits. CIA content is shown (below) as a percentage of total FA. These 
data were determined in triplicate as described in the Materials and Methods section, and the 
mean values beside their SE intervals are indicated in the figure. 
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TABLE 1 

FA Composilion of Total Lipids from Tobacco Calh 
Transfonned with the £CD6DE$ gene 
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355::ECD6DES 



Retention dme » 
Control yeast 
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J) "n-ansformed yeast 
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Retentilon flmc 



Betontlon time 



FIG. 5, Identification by CC of CLA in tobacco and yeast t'ansfonrK^ 
with the Echium 06£7f5 gene. FAME of total lipids of tobacco ca//i (A;B) 
and Sacchsromyces cerevisiae {sc340) grown under inductive condi- 
tions In the presence of the linolenic acid substrate {C,D). (A) Control 
tobacco ca/// transformed with the pBIN19 vector alone. (B) Tobacco 
ca/// transformed with the £C06DE5 gene under control of the 
CaMV constitutive promoter. (C) Control yeast ^^^^^formed with the 
pEMBLye)t4 vector alone. (D) Yeast transformed w.th the BCD6DB5 

gene under control of the Pcrc^CM ''^^"^"''^'^ ^^T^'' ''^''''?"' f 
additional peaks (CLA and OTA) are indicated by arrows. Hep^de- 
canoic acid (l 7:0) is Included in the analysis as an internal standard. 
OTA, octadecaietraenoic acid. 

the main substrate for D6DES, is present at a high level in to- 
bacco tissues. Therefore, synthesis of GLA was expected in the 
transformed plants. To speed-up the assay, calli derived from 
leaf discs were analyzed for FA composilion. As a negative 
control tobacco calli transfonned with the pBIN 1 9 vector alone 
was used. A total of 22 calli samples representing individual 
transformation events were screened for both the control and 
35S::EGD6DES constructs. In all transgenic samples harbor- 
ing EGD6DES, the presence of an additional peak with a re- 
tention time corresponding to GLA was apparent (Fig. 5B), as 
compared to tlie control (Fig. 5 A). Further identification of this 
compound as GLA was achieved by GC-MS using the pure 
GLA-methyl ester as a standard (data not shown). The mass 
spectra of the unknown and GLA standard were identical. In 
this experiment. GLA was found in variable amounts ranging 
in the different samples from J. 9 to 11.8% on total FA 
(Table 1). This variation should be attributed to positional ef- 
fects of the T-DNA insertion in each individual callus. The 
presence of a second additional peak corresponding to the OTA 
was also observed in a number of transgenic samples (Figs, 5A 
and 5B), Identification by GC-MS of the new peak was 



Range*^ Mean'^±SEM Range*^ Mean'^tSEM 



16:0 
18:0 
A9-18:1 
LA 
GLA 
ALA 
OTA 
Total FA 



18.0-19.8 
3.2-3 .7 
0,6-2.0 

35.3^0.6 



19.2 ±0.06 
3:4 .± 0.02 
13 ±0.03 

37.9 a 0.16 



17.8-2S.6 22.4 ±0.24 



1.3-1.5 



1.4 ±0.01 



18.3- 20.6 
3.0-4.0 
1.3-2.4 

31.6-41.6 
1.9-11.8 

16.4- 23.4 
0.0-1-6 
1.2-1.8 



1 9.2 ± 0,08 
3.3 ±0.03 
1.8 ±0.03 

35.3*0.31' 
6.5 ± 0.27 

18.6 ±0.21 
0.5 ± 0.06 
1.5 ±0.02 



-Control experiment correspond to calli transformed with the empty vector 

Scl'^Iifbuiions of individual FA are expressed as percentage of total FA. Total 
FA arc calculated as percentage of the dry callus weight. 
The results are from the analysis of 10 Individual ca//j. LA, Hnoleic acwi; 
ALA, o-linoienic acid; OTA, ociadccatetracnoic acid. 

achieved by comparison with the OTA standard (data not 
shown). Again this compound was expected to be produced by 
the D6DES activity using the endogenous ALA as a substrate. 
It is. noteworthy that, when detected, the amount of OTA was 
consistently lower than GLA (Table I ). 

Functional expression of the A6-desaturase from Echium 
in the yeast S. cerevisiae. The complete coding region of 
E0D6DES (see the Materials and Methods section) was 
cloned in the yeast expression vector pEMBLyex4 under con- 
trol of the P CYC-GAL pr«>niotcr inducible by galactose. The re- 
sulting plasroid (pYexD6D) was used to transform S. cere- 
visiae strain Sc340- This strain carries a construction in which 
the GALA gene under control of the Pcalw pj'onioter is lo- 
cated at the site that intennpts the HJS3 gene. GAIA encoded 
an enhancer protein that triggers the expression of genes acti- 
vated by galactose. The GAL4 protein is present in Lhc ceii in 
very low amounts. Therefore, the Sc340 construction ampli- 
fies the expression of genes placed under control of GAL pro- 
moters (21,22). The tran.sformed yeast strains were cultured 
under inductive conditions in the presence of LA provided as 
exogenous substrate. This FA is not synthesized by the yeast, 
but it is efficiently incorporated, reaching about 70% of the 
total FA in the cell under our experimental conditions. Ex- 
tracts of yeast cells transformed with the EGD6DES gene 
showed a peak not present in the extracts of control cultures 
transformed with the vector alone (Figs. 5C and 5D). The re- 
tention lime in GC experiments coincides with that of GLA, 
and the identity of the compound was confirmed by GC-MS 
analysis (not shown). In this ca.se, GLA accumulation reached 
a maximum of 1.5% of total FA. 

DISCUSSION 

Functional characterization of the Echium D6DES gene. 
Here we provide evidence for the identification of the gene 
products EGD6DES and EPD6DES as functional A6-desat. 
urases. First, a high similarity of their protein sequences was 
found with other previously characterized D6DES, mainly B. 
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officinalis, a species belonging to ihe same family of plants. 
However, as it has been pointed out (1 1), sequeace similarity 
among desaturases should be considered cautiously before as- 
signing a particular function to an unknown protein. For ex^ 
ample, a sunflower desaturase, showing a high homology to 
the Borago D6DES (B0D6DES). was identified as a A8-de^ 
saturasc active on sphingolipids rather than on glyceioUpids 
(37). This is funher supported by directed mutagenesis ex- 
periments in which few amino acid changes in a desaturase 
resulted in drastic alterations in the substrate specificity re- 
garding acyl chain length and desaturation position (38). Nev- 
ertheless, clustering analysis of desaturases from higher 
plants separates with a high reliability the group integrated 
by B0D6DES and the Echium desaturases from that of the 
AS-desanirases, thus indicating that the Echium products are 
likely to be A6-de$amrases. 

To obtain a direct proof for the activity of the putative 
Echium desaturases wc overcxpressed the EGD6DES gene in 
tobacco calli. FA composition of these undifferentiated cells 
is similar to that of nonphotosynthetic tissues, such as the 
root, where a higher amount of LA (45%) relative to ALA 
(26%) is found (39): These compounds were previously 
shown to act as substrates of D6DES enzymes, giving rise to 
GLA and OTA, respectively (9.40). Both products were de- 
tected in u-ansformed calli, thus demonstrating the ability of 
the Echium enzyme to dcsaturate the A6 position of FA con-- 
taining previous double bonds at A9 and A12 carbons. These 
results also indicate that the activity of a single D6DES en* 
zyme is enough to synthesize both GLA and OTA. 

The activity of EGD6DES has been further analyzed by 
heterologous expression in a yeast system. As expected, de- 
saturation of exogenously provided LA was observed in 
transformed cells. A similar experiment has been carried out 
with the D6DES from the fungus Mortierella alpina (13). In 
this case A6-desaturation of the endogenous l6:ln-7 and 
lS:ln-9 was observed in transformed yeast that were not sup- 
plemented with LA. Accumulation of l6:2n-7 has also been 
reported by yeast expression of the Borago D6DES (41). 
However, in our experiments we did not detect the accumula- 
tion of such compounds. This discrepancy could be attributed 
to differences in the experimental conditions, or it might re- 
flect a different behavior of the D6DES from those organisms. 

Gene structure and expression analysis of the Echium 
D6DES gene. We have shown that the D6DES of Echium do 
not contain introns. The same seems to be tnie for the Borago 
D6DES and the D8DES from Echium and Borago, since par- 
tial sequences obtained by genomic PGR also present con- 
tinuous open reading frames (results not shown). Moreover, 
the whole coding sequences of the two DSDES genes 
(F2A19.180; At2g46210) present in \ht Arahidopsis genome 
are also contained within single exons. This is in contrast to 
the gene structure of D6DES from other organisms such as 
the moss Physcomltrella (42), the worm Caenorhahditls (43), 
and Homo (44). where a number of introns interrupt both the 
desaturase and cytochrome b^ domains. Although we cannot 
exclude the existence in Echium of an additional version of 



the D6DES gene containing introns, ±is is not supported by 
Southern analyses since they do not reveal the presence of 
further loci. It seems likely therefore that loss of introns of 
the D6DES gene may have occurred during evolution of 
higher plants, followed, at least in Boraginaceae species, by 
high divergence or loss of the interrupted gene. Loss of in- 
trons has been well documented in a number of instances, 
with retroposition as the most direct mechanism (revised in 
45). The fact that DSDES genes arc also continuous suggests 
that the retroposition event took place before the duplication 
and further divergence of the D6DES/D8DES Uneages. 

We have also studied the expression of the DSDES gene in 
different tissues of E. pitardii High relative levels of D6DES 
transcript is found in all tissues of the plant except in leaves 
of mature plants, where it is barely detectable. This correlates 
with the accumulation of GLA in those tissues, as the synthe- 
sis of this compound in the inanire leaves is about five limes 
below that of the developing fruits. The lower GLA level in 
the leaves has also been reported in other plants (46,47), and 
competition between the D6DES and the co3-desaturase for 
the same substrate (LA) to give either GLA or ALA. respec- 
tively, wa.5 suggested as the cause (9). It is likely that this 
competition has its origin at the transcriptional level. This 
correlation suggests that, at least in Echium, the sieady-slatc 
level of the D6DES transcript might be the limiting factor in 
the accumulation of GLA in the different tissues. 
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